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ABSTRACT
Hydrophobic thiol coated gold nanoparticles have recently been investigated for their ability to
self-assemble into robust, ultra-thin, porous membranes at a liquid-vapor interface. Due to the
well-ordered, hexagonal close-packed nanoparticle arrays formed during the self-assembly
process, these 2-dimensional sheets have very well-defined pore structures and have been shown
to span gaps of several microns under ideal conditions. While these self-assembled nanoparticle
monolayers have very promising applications in the field of size-selective filtration due to their
well-defined pore structure, they need to be supported by a rigid substrate with a large amount of
open area. Here, tightly packed arrays of silica nanospheres are being explored as a possible
high-flux supporting substrate for the self-assembled gold nanoparticle membrane due to their
low reactivity and highly silanol-functionalizable surface. This work focuses on the synthesis
methods of the silica nanospheres and development of the high-flux supporting substrate.
Scanning electron microscopy and atomic force microscopy were used as the primary means of
characterization for this project and the experiments reported here aim to lay the groundwork for
a high-flux, size-selective filtration membrane design using gold nanoparticle self-assembled
monolayers supported by a tightly-packed silica nanoparticle substrate.
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CHAPTER 1
INTRODUCTION TO EXPERIMENTS
1.1 Introduction to Size-Selective Filtration
In the field of thin membrane filtration, there are two basic variables that are always
considered, rejection and flux. These two variables are most often times considered to be
inversely proportional. Poiseuille’s Law for a simple tubular flow of constant diameter shows
this inverse proportionality via simple relationship between the volumetric flowrate (𝑞) through a
pore of diameter (𝑑) and length (𝑙) as
q=

d4
 p ,
128l

(1)

where ∆𝑝 is the pressure difference across the pore, and µ is the viscosity of the liquid. Since this
equation stands true, there are only a finite number of variables that can affect the flowrate and
rejection through a simple membrane.1 While looking at this drastically over simplified model of
flowrate through a pore, the answer to high rejection, high flowrate filters may seem obvious, but
unfortunately in reality, it is anything other than trivial. This equation’s biggest downfall is that it
only takes into account one cylindrical pore and neglects the membrane as a whole and the actual
shape of a pore which may be more complex. It is also assumed that the depth of the pore is
drastically greater than the pore width to maintain assumptions governing a simplified flow.
Increasing the equation further to take into account a number (𝑁) of individual pores per unit
membrane then yields the equation:
J = N

d4
 p
128l

1

(2)

Assuming the pores in the membrane are all approximately uniform, then the pore number (𝑁)
can be broken down into N =  

4
where ε is the porosity. This allows (2) to be simplified
d2

into:

J=

p
d2
32l

(3)

While (3) gives a fairly accurate approximation of volumetric flowrate through a
membrane with uniform pores, it cannot account for the effects each one of these variables has
on the structural integrity of the membrane. Increasing the porosity and decreasing the pore
lengths (depths) can typically only be done to a finite extent until the membrane will be unable to
withstand any pressure due to the fact that the rigidity of a material and its resistance to strain
increases with thickness. Therefore, in recent years there has been much research and
development in the field of ultra-thin porous films for applications in filtration.2-4 While many of
the popular designs suggested in recent years have repetitive pore structures, many of them are
simply too brittle to withstand pressure.5
The most widely used and popular membrane design today is the dense fibrous polymer
membrane.6 These membranes are traditionally made of small fibers of nitrocellulose or PTFE
and although they are relatively easy to synthesize, they are not very consistent in their pore size.
While the rejection of these membranes can be tuned in a very wide range, the actual pores are
characterized by nominal diameters which are governed by statistics. Since there are no welldefined pore structures in the dense fibrous jungle, the only way to decrease pore size past a
certain point is to increase fiber density. Increasing the fiber density also increases membrane
thickness, which in turn decreases flowrate or requires an increase in pressure to operate, which
unfortunately is a fatal flaw in the design. Figure 1 shows an example of a 200 nm nominal pore
2

size PTFE filter. Based on the scanning electron image and atomic force image, it is clear that
regions exist where the local pore size is much greater than 200 nm. While compression of the
fiber membrane under pressure may change the nominal pore size, it is highly unlikely that x-y
orientation of the fibers will remain constant due to the lack of rigidity. Therefore, the lack of
uniformity in these filters causes them to be unnecessary thick and uneconomical to run on large
scales.

Figure 1. Scanning electron micrograph and atomic force micrograph of a commercial PTFE
filter.

An alternative to the amorphous thick filter is a thin film membrane with well-ordered
and well-defined porous structure. While these membranes have historically been less popular
due to their high manufacturing costs and difficult fabrications, as technology increases, they are
now becoming more feasible. The benefit of these types of membranes is their well-defined
porous structures will allow them to successfully carry out size-selective filtration. Often times,
3

the sizes of the species in the solution is known prior to filtration. If it is possible to tune the
filter such that the pore diameters are right at the size of the desired species to filter, then it is
possible to maximize the flowrate through that specific filter while filtering out the desired
contaminates. It is absolutely not possible to do high-flux size selective filtration with the
amorphous nominal pore design because it is imperative to have consistent, well defined pore
structures.
1.2 Self-Assembled Nanoparticle Monolayers
In recent years, hydrophobic organic ligand coated nanoparticles have been the topic of
heavy investigation due to their remarkable ability to self-assemble into 2-dimensional
hexagonally close-packed arrays at a liquid-vapor interface.7-9 This self-assembly is an entropydriven process where a small volume of highly concentrated hydrophobic nanoparticles in an
organic solvent is deposited next to a water droplet.10 Since the capillarity at curved interfaces is
directly proportional to the gradient of the Gaussian curvature, the nanoparticles in the organic
solvent are promoted to climb on top of the water droplet and form a shield around the water’s
surface.11 The energy released from the organic solvent evaporation drives the nanoparticles into
a well-ordered hexagonally close-packed array, which is held together through interdigitated
organic ligands. The aqueous immiscibility and the interplay of other effects such as line tension
acting on the particles at the liquid-vapor interface prevents them from submerging into the
aqueous phase.12 Once the organic solvent is totally evaporated, the nanoparticles have
completed a phase change from a colloid to a robust 2-dimensional solid sheet as evidenced by
cracks in the monolayer after complete evaporation. This process is depicted in Figure 2.

4

Figure 2. The image on the far-left is a simplified graphical depiction of nanoparticles held
together through ligand interdigitation. The schematic in the center describes the hydrophobic
nanoparticles self-assembling into a monolayer at the liquid-vapor interface. The optical image
on the far right shows an actual thiol-coated gold nanoparticle self-assembled monolayer formed
on a 600 µL water droplet.

The interdigitation of the nanoparticle ligands give these monolayers remarkable
mechanical strength while maintaining flexibility due to the elasticity of the organic monomers.
These self-assembled monolayers are shown to span gaps up to several tens of microns when
deposited onto larger porous substrates. Previous point-load tests of the tensile strength of freestanding gold nanoparticle self-assembled monolayers conducted with atomic force microscopes
have shown them to have a Young’s modulus on the order of several GPa.13 Further studies have
shown these gold nanoparticle self-assembled monolayers to be able to cope with strain through
local particle rearrangement and plastic deformation allowing them to span surfaces with nonzero Gaussian curvature.14

Figure 3. Graphic depiction of an atomic force microscope cantilever indenting into a selfassembled monolayer.

5

A unique property of these self-assembled monolayers is that the hexagonally closepacked arrays of nanoparticles, with the correct ligands and size of nanoparticle core have the
potential to create well-defined porous structures. While their applications in filtration have
previously been explored, the investigations were limited to ionic rejections due to the
electrostatic charge of the membrane (the functionalized gold nanoparticles were deposited
around a pore creating a charged opening), yet their applications as 100% pure steric rejection
filters between the nanoparticle interstices regions has not yet been concretely explored.15 The
repetitive nanoparticle structure, created naturally during the self-assembly process (not
requiring fabrication through means of mechanical or chemical drilling or etching), allows for
the geometry of the pores in the membrane to be estimated and an effective pore radius to be
calculated. The two parameters that govern the geometries of the self-assembled monolayers are
the nanoparticle radius and the length of the attached organic ligands. Since both these
parameters are experimentally variable, it is possible to develop a theoretical mathematical
model to use these self-assembled monolayers as pore size-tunable steric rejection membranes.
In order to develop an equation for the effective pore radius, initial basic approximations
must be made regarding the ligands. The first approximation made is that no water can pass
through completely interdigitated ligand regions. This is a good approximation because the
ligands are highly hydrophobic and previous experimental data indicates that these regions are
very tightly packed. The second approximation made is that each nanoparticle in the array is
exactly one ligand length away from its nearest neighbor. Again, experimental and
computational results also show this is a good approximation and support this statement.16 Figure
4 depicts a simplified model clearly showing the geometry of the system where the area in blue
is the dense hydrophobic ligand region and the grey area is the nanoparticle core.

6

Figure 4. The depiction on the left shows a simplified unit cell (viewed from top) the
hexagonally close packed array of ligand coated nanoparticles and the red circle is where the
effective pore would be. The CAD diagram on the right shows the approximated geometry of
three hexagonally close packed cores with overlapping concentric shells of fixed length. The
schematic assumes the nanoparticle cores are spherical, when in reality metal core nanoparticles
are actually faceted; however, this illuminates why spherical particles have an advantage over
faceted metal nanoparticles.

Based on the CAD schematic shown in Figure 4, an equation for the pore area as a
function of the nanoparticle radius (𝑟) and ligand length (𝑙) can be obtained. The equation is
derived by starting with the area of the equilateral triangle with sides of length 2𝑟 + 𝑙. Three 60˚
semi-circles of radius 𝑟 + 𝑙 are subtracted from the area of the triangle. Finally, the areas of the
three regions of the overlapping circle in the triangle are back added to the equation in order to
compensate for the double counting leaving us with equation (4).
A(r , l ) =


2

(l + r ) 2 +

3
(l + 2r ) 2
4

3 1
2
2
2
−1 (l + 2r ) 
− (l + 2r ) 4(l + r ) + (l + 2r ) + 2(l + r ) cos

2 2
2(l + r ) 

(4)

What is most important here is the fact that the pore area can be precisely calculated
based on all the experimental parameters that control the geometry of this system. Although this
equation is true for all hexagonally close packed ligand-coated nanoparticle arrays, the topic of
this work is mostly concerned with a specific case where the ligand length is fixed and the
nanoparticle radius is varied. For example, from unpublished experiments, gold nanoparticle
7

self-assembled monolayers have been qualitatively shown to have the most mechanical strength
when coated with n-dodecane thiol which has a length of roughly 1.7 nm. Using the 1.7 nm
ligand length as a constant, a 1-dimensional graph of the pore area in the center of three ligated
particles as a function of the nanoparticle radius can be produced as shown in Figure 5. The pore
area is defined as the absence of an overlapping ligand region within the center of three spheres.
This pore center can be located at the centroid of the triangle formed through connecting the
centers of nanoparticles.

Figure 5. The graph on the left describes the behavior of the pore area as a function of the
nanoparticle radius with a fixed 1.7 nm ligand length. The schematic on the right depicts the
critical nanoparticle radius where there is no pore area (radius = 4.65 nm).

As shown in the graph, the curve of the pore area as a function of the nanoparticle radius
for the case where the ligand length is fixed to 1.7 nm, appears to have a local minimum in
between nanoparticle radii of 4 and 6. Taking the derivative and finding the minimum shows this
equation touches the axis at exactly 4.65 nm. The local minimum indicates that a critical
nanoparticle radius exists where the pores in the membrane can be opened and closed.
Furthermore, this shows that the pores in these membranes can theoretically be tuned so small to
allow the transport of one molecule at a time. While it might seem suspicious that the graph
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returns to a positive value below the critical radius point, this can be simply explained by the
equation failing to take into account the newly triple-overlapped section in the middle, but this is
inconsequential because no pore exists past the critical radius anyways.
1.3 High Flux Silica Nanoparticle Support Substrate
In this work, the concept of a tightly-packed array of silica nanospheres is explored as a
possible high-flux support substrate for a gold nanoparticle self-assembled monolayer. Since
Mitchell et al. showed that ultra-thin self-assembled gold nanoparticle monolayers have the
ability to conform to surfaces with gaussian curvature in 2018, this opens up a door for their
applications as anisotropic membranes.14 Anisotropic membranes are characterized as a class of
membranes made of an ultra-thin film surface layer supported by a thicker porous substructure.
Since transport rate and membrane thickness have an inverse proportionality, the benefit of
anisotropic membranes is that they are able to maintain fast flowrates while achieving high
rejections. Presumably the supporting substructure will have a porosity orders of magnitude
greater than that of the thin film, thus having little effect on the flowrate, and the thin film will
have pore diameters orders of magnitude lesser than the substructure, thus dictating the rejection.
Optimal designs for the anisotropic membrane supports are strong materials with high porosity
or large amounts of open area. Any area that the thin film layer does not freely span is
considered dead area since it is not possible to have flux through that region.
While tightly packed arrays of nanospheres are traditionally not thought of as
membranes, they are able to create very well-ordered, repetitive pore structures that can act as a
rigid support for the gold nanoparticle self-assembled monolayer. The size of the nanospheres
used for the support substrate will dictate its open area and its rigidity. Although the gold
nanoparticle self-assembled monolayer has been shown to display better behavior on substrates
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made of smaller nanoparticles, the larger the nanospheres used for the substrates will lead to a
higher the flux. The area between three hexagonally close packed spheres is graphed as a
function of particle radius in Figure 6. Despite the work in the recent literature, silica was chosen
to be the material used to make these nanospheres due to its ceramic-like properties. Ceramic
membranes have recently been growing in popularity due to applications that require high
solvent resistivity, high functionalization potential, and thermal stability.1,17 Silica nanospheres
can be synthesized in a large size range, while maintaining a high monodispersity and can be
functionalized with a variety of surface modifications making them very versatile.

Figure 6. On the left is a graph of the pore area in between three (un-ligated) hexagonally close
packed spheres. On the right is a 3-dimensonal diagram of the face of a hexagonally close
packed sphere substrate.

The actually assembly of these silica nanoparticle support substrates is fairly difficult.
Although the silica nanoparticles used for the support are going to be one or two orders of
magnitude larger than the gold nanoparticles in the self-assembled monolayer, they do not
typically create rigid structures themselves. Many different designs for the anisotropic filter were
considered, but a design with silica nanoparticles of cascading sizes as a function of membrane
depth was chosen. A simplified depiction of the complete anisotropic filter is shown in Figure 7.
Since mechanical strength of the support structure is a function of membrane depth, larger
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particles were chosen for the base of the filter because they can add the depth while not heavily
affecting the flowrate.

Figure 7. Proposed theoretical design of the silica/gold nanoparticle anisotropic membrane.

The packing of the particles used for the support also has a large dictation on the
structural stability. Hexagonally close-packing of spheres is by far the most rigid formation of
the particles. Having the six nearest neighbors in a single plane allows for the most lattice planes
for the particles to disperse energy and thus maintain form. Unfortunately, since hexagonal
close-packing is the tightest configuration of spheres in three dimensions, it cannot be achieved
without a significant input of energy. The packing of nanospheres has been studied to great
extents in the past, but it is still by no means a trivial problem. Most reports can only dictate
hexagonal close-packing in a local region of a sample and even the slightest particle defects are
known to cause grain boundaries and change the packing. Even though grain boundaries are
unfortunate, localized hexagonally close-pack regions are preferential to a purely amorphous
structure for the sake of mechanical strength and ease of modeling.
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Lastly, the mechanical strength of the support structure will be increased through the
sintering of the silica nanosphere disks. Sintering will allow for the individual particles to share
bonds with their nearest neighbors as shown in Figure 8. The intent of sintering for this
application is to allow the spheres to reach their softening temperature but maintain enough form
to keep their porous nature. Again, the packing of the spheres is crucial for the effectiveness of
the sintering. The increased number of nearest neighbors allows for increased structural stability
in an increased number of lattice plains.

Figure 8. Graphical depiction of the sintering of a hexagonally close-packed region of spheres.
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CHAPTER 2
INTRODUCTION TO EXPERIMENTAL METHODS
Investigations in nanotechnologies necessitate precise characterization methods on a very
small scale. Two widely used and versatile characterization methods that have been found
invaluable in the field of nanotechnology are electron microscopy and atomic force microscopy.
While these two characterization methods are vastly different, they both have one important
quality in common: they both are able to provide better resolution than pure optical microscopy.
Even with the best super-resolution algorithms, most forms of optical microscopy are unable to
resolve objects smaller than several hundreds of nanometers in practicality. The inability to
resolve small, nanoscale objects is due to the fact that the shortest wavelength of visible light is
about 400 nm and the object resolution in an image is generally considered to be half the
wavelength of the probe divided by the numerical aperture (which is usually around 1.00).
Evidently, to increase the microscopic resolution, it is necessary to utilize characterization
methods with smaller probes leading to the use of scanning electron microscopy and atomic
force microscopy.
2.1 Scanning Electron Microscopy
2.1.1 Theory
The scanning electron microscope (SEM) was invented by Max Knoll and Ernst Ruska at
the Berlin Technische Hochschule in 1931.18 The SEM is an instrument that uses a narrowly
directed electron beam as a probe to interrogate the surface of a sample. This instrument was
originally created to study the photo-electric effect but quickly gained popularity as a convenient
characterization tool due to the electron’s small de Broglie wavelength, 𝜆 =

ℎ
√2𝑚𝑒𝑉

. Much like

the wave packet of light in traditional visible light optical microscopy, the uncertainty in the
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position of an electron dictates the maximum theoretical object resolution allowable for the
instrument. Due to its inverse proportionality, increasing the velocity of the electron will
decrease its wavelength allowing for even further increase in theoretical object resolution. In
practice, SEMs accelerate electrons from a cathode to the sample using electric fields in the
range of 0.1 keV – 30 keV, giving the electrons wavelengths on the order of picometers,
surpassing the maximum resolution of optical microscopy by several orders of magnitude.
2.1.2 The Microscope Column

Figure 9. JEOL Scanning electron microscope column.

An electron microscope has many components analogous to the components used in its
traditional optical microscope counterpart. Due to the complexity of the equipment,
understanding the functionalities of each component is imperative in demonstrating effective use
of the instrument. Shown in Figure 9 is a schematic describing the interior and exterior of an
14

electron microscope column. At the top of the column is the electron source. Much like a light
source in optical microscopy, this is where the SEM will generate its primary signal. In a thermal
field emission SEM, a tungsten or hexaboride crystal, acting as a cathode, will be heated to
temperatures up to 2000-3000 K (depending on the filament) to generate a dense electron
cloud.19 The density of the electron cloud is a function of the filament temperature and increasing
the temperature will generate more usable electron current. The electron cloud collected at the
filament is then accelerated down the microscope column by an applied electric potential known
as the “acceleration voltage.” The magnitude of the potential field applied to the electrons
determines the momentum and energies they will have as they approach the sample thus
resulting in different surface interactions. Varying the acceleration voltage will change the
penetration depth of the electrons in the sample.
After having been accelerated out of the gun, the electrons traveling down the column
will experience several sets of magnetic fields along the way. Current is run through coils of wire
wrapped around the beam path to act as a condenser lens as the electrons travel though the
microscope column. The strength of the magnetic coils, along with physical apertures,
determines the spot size of the beam incident to the sample. Other magnetic fields are also
applied in the column for beam alignment and stigmantion. Finally, the beam is passed through
an objective lens aperture where it is further manipulated by scan coils.
2.1.3 Surface Interactions
When the electrons interact with the sample surface, they will undergo a “scattering
event,” which is just a general term for various electron-atomic interactions.20 These energy
transfers between the electrons and the sample can produce a variety of different signals
depending on the nature of the interaction. Most modern SEMs are equipped with detectors to

15

differentiate between backscattered electrons, secondary electrons, and x-rays, which are all
principal signals generated from the beam-sample interaction. From these signals, information
can be extracted about the topographical, compositional, and crystallographic characteristics of
the sample.
While x-rays, produced from collisions with tightly bound, high energy electrons, are
typically collected within a lithium drifted silicon photometer,21 backscattered and secondary
electrons are generally collected with p-n junctions or phosphor screens. Backscattered and
secondary electrons are differentiable based on the energies they have when being collected by
their detectors. These energy discrepancies arise from backscattered electrons being defined to
be once-incident electrons who have had their trajectories reversed by elastic atomic collisions in
the sample while secondary electrons are dislodged electrons resulting from inelastic beam
electron – sample electron interactions. Due to the nature of purely elastic collisions, the
backscattered electrons will have energies comparable to the electrons in the beam incident to the
sample opposed to the secondary electrons which will have energies several orders of magnitude
less. Consequently, each individual backscattered electron will induce the generation of several
secondary electrons creating a much stronger secondary electron signal than that of the
backscattered. Therefore, for most topographical imaging/characterization purposes, secondary
electron detection will result in the best image resolution.
2.2 Atomic Force Microscopy
2.2.1 Theory
Atomic force microscopy is a unique characterization method that utilizes an atomically
sharp scanning mechanical probe to gain force spectroscopy data for a given sample. Controlled
by a piezo-electric crystal, this probe is vibrated at the tip of a cantilever at its resonant frequency
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and is capable of collecting topographical, force spectroscopic, and even electro-magnetic data.
As the oscillating probe scans across a sample and approaches a new material or topographical
feature, it will experience an applied force based on the feature’s physical properties. The greater
the applied force, the further from resonance it will drive the cantilever which will provide a
stronger spectroscopic signal. When preforming force spectroscopy, the response of an AFM
cantilever can be modeled according to Hooke’s Law (𝐹𝑠 = 𝑘𝑥) where the deflection of the
cantilever is analogous to a spring compression (x) and the characteristic stiffness (k) is
determined by the cantilever’s material. In a typical configuration, the deflection of an AFM
cantilever is measured by an optical lever as shown in the figure below. The laser light is shown
from a source and is reflected off the tip of the cantilever into a photodiode array to measure the
voltage as the cantilever bends. Knowing the voltage as a function of deflection allows for
accurate force determinations. Figure 10 represents a simplified graphic depiction of a basic
theoretical AFM system.

Figure 10. Simplified graphic depiction of a basic AFM system with an optical lever.22
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2.2.2 ScanAsyst
Atomic force spectroscopy can be conducted in a variety of different ways. The most
common methods fall into two categories: contact mode and non-contact mode. The term contact
mode is reserved for a method where the AFM probe never departs from the surface. This could
refer to either a point-loading measurement, where the x-y plane is fixed, in order to gain data in
one dimension or it could refer to the method of dragging the probe across the surface where data
can be collected in three dimensions. In direct contrast to contact mode, non-contact mode is
where the probe is hovered right above the surface, typically on the order of just a few
nanometers, as it is scanned in the x-y plane to make a three-dimensional image. Here, the forces
on the cantilever are almost exclusively Van Der Waals.
In the work at hand, a specific method of non-contact mode imaging was used called
ScanAsyst. ScanAsyst is a proprietary name for a specific type of smart imaging technology
patented by Bruker. In this method, algorithms automatically measure image quality through
various feedback loops from the cantilever to the piezo crystal. This method allows very precise
imaging to be conducted since it can avoid a lot of human error. The computerized algorithms
also allow for response times and setting adjustments at the speed of the processors, which are
typically on the order of mega-gigahertz, thus preventing much of the probe damage resulting
from slower human responses. This safer scanning also allows for the use of sharper tips since
they are less likely to become blunted.
Even though ScanAsyst is a completely non-contact imaging technique, it still operates as
a PeakForce Tapping based imaging technique. In PeakForce Tapping, the cantilever is set into
resonance by the piezo crystal several nanometers above the surface and data is taken every time
the probe approaches and retracts from the surface. As the probe is moved across the x-y plane, it
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creates a three-dimensional image where the third dimension is the measured force. Each time
the cantilever oscillates above the surface results in a new pixel and the slower the cantilever is
moved across the x-y plane, the higher the quality the image will be.
2.2.3 Peak Height Data
While atomic force microscopy is typically very reliable for a multitude of applications,
there can sometimes be difficulties when imaging three dimensional objects that are comparable
to the probe’s diameter or have steep surfaces that could result in images that are likely to cause
misinterpretation. An example of this would be attempting to image spheres of similar sizes as
the probe. This would likely cause the spheres to show up much larger in the x-y plane than they
are for two reasons. The first reason being that the probe would feel forces from the spheres in
their general vicinity even though it may not be directly over top of them. This is generally not
noticeable when the probe is orders of magnitude smaller than the sample therefore it is not
typically a problem. The second reason, thermal drift, is always a slight concern but again, is
typically not a problem if the object being observed is much greater than the drift. Therefore, to
negate these problems, sometimes it is best to look at only the peak height of the objects if they
are isolated.
The peak height of an object refers to the maximum value the AFM has read for a group
of connected pixels in the image. This is assuming that a floor or a zero value can be easily
established in the image. This is particularly useful when trying to characterize the diameters for
a sample of small nanospheres. Assuming sphericity and a reasonable isolation of the objects,
then the maximum height can be extracted and compiled with image analysis software as
described in Appendix J. Using image analysis software, clusters of pixels can easily be defined
as groups and large statistical data can be extracted from images.
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CHAPTER 3
SEED PARTICLE SYNTHESIS AND REGROWTH
3.1. Introduction
3.1.1. Stöber Method and Classical Nucleation Theory
In 1968, a German physicist by the name of Werner Stöber published a paper on the first
wet chemistry method to reproducibly synthesize silica spheres in the nano-micron size range.23
In this paper, Stöber and colleagues were able to control the growth of silica nanospheres using
only four chemicals: ethanol, water, ammonium hydroxide, and tetraethyl orthosilicate (TEOS).
Similar to other metal oxide particle fabrication techniques, Stöber’s method of silica
nanoparticle formation is a sol-gel process where the alkoxy precursor hydrolyzes and
subsequently condenses into the solid particles in the ethanolic medium. Due to this method’s
simplicity and low cost, the amorphous silica nanoparticles that this synthesis creates are found
to be common in a variety of different scientific fields such as biosensing,24 photonics,25
pharmaceuticals,26 and countless others.
It was later found that the physical characteristics of the particles produced can be
modified through careful control and slight alterations of the reactants used. Different
applications require the nanoparticles to have different physical characteristics such as size,
shape, and regularity amongst the sample. Changes in size and shape result in different particle
behavior; thus, samples with high monodispersity are often considered superior to polydispersed
samples due to experimental reproducibility. Since Stöber, there has been much work by
scientists to perfect his technique to create reproducible methods for synthesizing monodispersed
silica particles across all size ranges.27,28 Although the Stöber method works very well to
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produce monodispersed spheres for size ranges in the hundreds of nanometers, unfortunately,
most papers report around a 100 nm limitation for monodispersity amongst the spheres.
The size/monodispersity limitation is derived from the growth mechanism of the Stöber
method and other metal-oxide nanoparticle synthesis methods. The Stöber method of
nanoparticle formation follows the Classical Nucleation Theory (CNT) proposed by LaMer.29
Classical nucleation describes the process where a nucleation site or a seed is formed at the
beginning of the reaction using a portion of the reactants, and is further grown through a process
called Ostwald Ripening30 until the rest of the excess reagents are depleted. The LaMer
mechanism can be described thermodynamically by looking at the total free energy of the
nanoparticle ∆𝐺 as the bulk (interior) free energy ∆𝐺𝑣 combined with the surface free energy γ of
the particle. Thus, the total free energy of a single nanoparticle is defined as

4
G = 4 r 2 +  r 3Gv
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(5)

where the bulk free energy ∆𝐺𝑣 is dependent on the temperature T, Boltzmann’s constant 𝑘𝐵 , the
supersaturation of the solution 𝑆, and its molar volume 𝑣, as shown in Equation (6).31
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Equation (5) is true for a sphere and a good approximation for spherical-like objects
where r is the effective radius of the nanoparticle. In nature, a sphere is the object with the
greatest mass to surface area ratio; thus, it does not take long for the negative bulk free energy to
overcome the positive surface free energy. Setting the radial derivative of equation (5) to zero
shows the critical radius that correlates to the smallest single colloidal particle that can exist
freely in a solution.

G
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r
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Eventually, particles with critical radii 𝑟𝑐𝑟𝑖𝑡 will populate the solution until the magnitude
of the bulk free energy becomes equal to the magnitude of surface free energy of the particles.
Particles of this size will grow until the solution is saturated. Once saturated, nanoparticle nuclei
formation will cease and the remaining reactants will be used for the growth of the existing
nuclei. A graphical schematic representing the Gibbs free energy of the system is shown in
Figure 11. The squared divergence of the surface free energy and the cubic divergence of the
bulk free energy will cause total free energy of the nanoparticles in solution to reach an early
apex then plummet as the particles begin to grow in size. The height of the apex of the curve will
change the amount of particle nuclei that is allowed to populate the solution. Thus, if the amount
of precursor in the solution is fixed, this will directly affect the particle size, but it will likely not
affect the monodispersity of the colloid.

Figure 11. Free energy diagram describing the condensation of free reactants and growth of
particles formed in solution with the existence of a critical radius.
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The monodispersity of the particles in a colloidal synthesis is largely dependent on the
growth rate of the particle nuclei and the ratio of how much precursor is used to make the nuclei
versus the total precursor in the reaction. The newly formed particle nuclei tend to be a little bit
more irregular than consistent with their shape and it is not until the particle nuclei undergo
Ostwald ripening that they are able to gain uniformity in the shape. The rate of growth during the
ripening stage of synthesis is another key factor in determining the dispersity of the final
particles. Logically, the slower the feed of active precursor to the synthesis would correlate to a
more even surface coating due to a lessor probability of agglomeration of the active precursors
before attaching to a particle nucleus. Furthermore, if the free energies of the active precursor
and the existing particle nuclei ever exceed the saturation point of the solution then secondary
nucleation sites will form in an attempt to balance the surface free energy with the negative bulk
free energy. The formation of secondary nucleation sites will in turn cause polydispersity and a
smaller overall particle size in the sample due to the newly introduced competitive growth.32
3.1.2 Modified Stöber Method
Since monodispersed silica nanoparticles under a hundred nanometers are in such high
demand, much work has been put into pushing the size limitations of the traditional Stöber
method. In 2006, a Japanese group of chemists, Yokoi et al., developed a novel method for
creating silica nanoparticles in the size range of 12 – 23 nm using a modified Stöber method.33
In this method, cyclohexane was added to replace the ethanol as a solvent miscible with the
TEOS precursor. Since cyclohexane is immiscible with water, stirring this solution would create
a microemulsion. Also, basic amino acid monomers were used in place of the ammonium
hydroxide due to their recently discovered uses as anionic surfactants in the synthesis and
assemblies of mesoporous material.34 The use of the amino acid surfactants lowered the surface
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free energy of the silanol monomer, allowing the solution to become supersaturated with the
nanoparticle nuclei; thus, allowing for smaller overall particle size. Various organic amines are
able to play the role of the catalytic surfactant in the Stöber synthesis to produce small spherical
particles, but the optimal biomolecules are reported to be the basic amino acids (BAAs): L-lysine
and L-arginine.35 These two BAAs proved optimal due to their basicity and ability to mimic the
contribution of the ammonium hydroxide. Following the preliminary investigations led by Yokoi
et al., there have been many further studies investigating the mechanisms of growth and
limitations of this reaction.36-38
One of the major developments that stemmed from this modified Stöber method is the
seeded regrowth synthesis that allowed an extension of the size ranges of the synthesizable silica
nanoparticles.36,39 In the seeded regrowth method, small, monodispersed silica seed particles
were created with the amino acid surfactant assisted microemulsion method. These seed particles
are then added to another Stöber system, where they act as nucleation sites and undergo growth
due to Ostwald ripening until the back-added TEOS is depleted.

Figure 12. Schematic of Stöber regrowth seeded synthesis.

This method became popular due to the monodispersity of the small Stöber silica
particles produced and the ease in which the size of the particles can be controlled. Assuming no
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secondary nucleation, the final size of the particles produced is directly dependent on the ratio of
the seed particles added and the TEOS added to the system to grow the seed particles. While this
method might be a little bit more tedious than the traditional one-pot Stöber synthesis, much
more monodispersed particles below the traditional Stöber limit can be synthesized.
3.2. Experimental
3.2.1. Chemicals and Materials
Tetraethyl orthosilicate 98% (CAS: 78-10-4) and L-arginine 98+% (CAS: 74-79-3) were
purchased from Acros Organics, cyclohexane 99.9% (CAS: 110-82-7) was purchased from
Fisher Chemical, ethyl alcohol 200 proof (CAS: 64-17-5) was purchased from Pharmco-Aaper,
and all chemicals were used as-received from the companies without further purification.
Ultrapure (type1) deionized water (>18.2 MΩ.cm) was produced using a Millipore Direct-Q 3
UV water purification system. All glassware used was borosilicate and manufactured by Kimble.
All stir-bars used in the reactions were chemically resistant PTFE coated. Ultra-flat, <100>, Ntype, phosphorus doped silicon wafers (single side polished) used for imaging substrates were
purchased from Sigma Aldrich and Electron Microscopy Sciences (EMS) and were cut using an
EMS retractable diamond tipped scribe. All silicon wafers were cleaned and prepared using the
procedure in Appendix I.
3.2.2. Seed Particle Growth Synthesis
In a typical synthesis, 6.9 mL of water, 0.45 mL cyclohexane, and 0-0.828 millimoles of
L-arginine are heated to 60 ˚C on a Thermo-Scientific digital hotplate in a clean 24 mL glass
vial. A Leybold Cassy unit was used to perform all precise temperature calculations. A premade
solution of L-arginine was used and the mass of arginine used is varied based on the synthesis.
This solution is stirred with a 10 x 3 mm PTFE coated magnetic stir bar at exactly 1000 rpm.
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After allowing the temperature of the solution to equilibrate for 30 minutes, 0.550 mL of TEOS
is injected into the top cyclohexane phase of the solution. At this time, a full oil-in-water
microemulsion should be visible in the vial. The 24 mL vial is left loosely capped and the
reaction is left to run to completion for 24 hours. At the 24-hour mark, the solution was taken off
heat and set in the laminar flow hood to cool and the bulk of the cyclohexane layer was pipetted
off with a disposable borosilicate 2.0 mL pipette. The airflow from the laminar flow hood was
enough to quickly evaporate the remaining trace amounts of cyclohexane still in the solution.
Once the solution is cool and no oil phase is visible, the solution is capped tightly and stored asis. A more in-depth, step-by-step explanation for this process can be found in Appendix H.
3.2.3. Seeded Regrowth Synthesis
In a typical seeded regrowth synthesis, 16.933 mL of ethanol, 100 micromoles of Larginine, 4.156 mL of deionized water, and a precise known quantity of seed particles were
added to a clean 40 mL borosilicate glass vial and preheated for 30 minutes until the temperature
reached a stable 70 ˚C. This solution is stirred with a 10 x 3 mm PTFE coated magnetic stir bar
at exactly 1000 rpm. The seed particles and L-arginine were both stored in aqueous suspensions
and the quantity of excess deionized water added was always adjusted such that the total quantity
of water in the solution was 4.156 mL. The seed particles used were always made with the
standard synthesis above, using 0.414 millimoles of L-arginine. After the solution reached a
stable 70 ˚C, 1.116 mL TEOS is injected into the reaction vessel. The 40 mL vial is then loosely
capped, and the reaction was allowed to run for 24 hours.
Immediately after the reaction has run to completion, the nanoparticle suspension is
transferred to 50 mLEppendorf falcon tubes and cleaned through centrifugation to remove the
excess reactants and contaminants. Each reaction is cleaned through centrifugation and dispersed
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into deionized water a minimum of 3 times after each reaction. Once the suspension has been
washed several times, the nanoparticles are then dispersed in 10 mL of deionized water and
stored in a clean 12 mL vial. It has been noted that there has been no noticeable degradation of
any of the post processed silica nanoparticle solutions over the period of a year. The only
nanoparticle suspensions that have been seen to change over time are the uncleaned samples.
3.2.4. AFM Characterization
All quantitative characterization of the small seed particle syntheses was carried out with
a Bruker Multimode 8 (MM8) Atomic Force Microscope (AFM) in scan-assist (in air) mode and
all image post-processing and particle analysis was done with Gwyddion. Gwyddion is a free,
open source software equipped with many different functions for particle analysis. Particle size
distributions can be obtained by drop-casting a small fraction of the aqueous nanoparticle
suspension (≈2 µL) onto a flat, clean, hydrophilic silicon substrate (more information on
hydrophilic silicon wafer preparation can be found in Appendix I). From here, particle diameters
of each one of the particles on the silicon substrate can be found from atomic force images in the
form of max-height data. A distribution of the particle sizes can be achieved using the particle
analysis technique described in Appendix G. This appendix also includes discussions of why
only the maximum height data is used to determine particle size.
To assure the particle max-height data does in-fact correlate to the particle diameters, it is
imperative that all the particles are measured on the same plane. Thus, the silica nanoparticle
stock suspension must be dilute enough such that none of the particles being analyzed are
touching, yet a large enough abundance of individual particles can be easily found on the surface
of the silicon substrate to give a sufficiently large statistical size distribution. Finding this happy
medium is done through a serial dilution as shown in Figure 13. Each dilution has a
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corresponding optical image of the “coffee ring” left by the nanoparticle suspension drop-cast on
the outer edge.40

Figure 13. Optical micrographs of “coffee rings” left by drop-casted silica nanoparticle serially
diluted solutions on clean, hydrophilic silicon substrates.

3.2.5. SEM Characterization
All characterization of the regrown particles was carried out with a JEOL 5310-LV SEM
and a JEOL JSM-7200F FE-SEM. For sample preparation, 2 µL of the cleaned silica
nanoparticle dispersion was taken from the stock solution and drop-casted onto a clean
hydrophilic silicon substrate. The sample was then sputter coated and imaged using the SEM.
The SEM images were analyzed using ImageJ (FIJI) and a particle size distribution for each
sample was achieved using the procedure in Appendix G. Figure 14 is an example image of
prepared silica nanoparticle dispersions of various sizes dried on a hydrophilic silicon substrate.
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Figure 14. Silica nanoparticle thin films deposited on hydrophilic silicon substrate. The
variations in the thin-film interference is due to the different sizes of nanoparticles deposited.

3.3. Results and Discussion
3.3.1. Influence of L-Arginine on Seed Particle Synthesis
In attempts to reduce the final size of the particle, the concentration of each chemical in
the reaction was taken into consideration. Based on classical nucleation theory, there are two
ways to reduce particle size, either reduce the volume of precursor in the reaction while keeping
the nucleation sites constant or increasing the nucleation sites while keeping the volume of the
precursor constant. While decreasing the volume of TEOS in this reaction may seem like a
logical choice, stable particle nuclei of the same critical size will form regardless of the volume
of precursor since the stable critical radius is based upon the saturation point of the solution.
Any reduction past the critical stable radius will simply result in a less concentrated solution;
thus, the easiest way to decrease final particle size is to increase the saturation point of the
solution.
Since the L-arginine acts as a catalyst and a surfactant, this was studied as a way of
decreasing the particle size. To investigate the effects of the arginine, the total mass in solution
was varied from 0 to 0.828 millimoles. As shown in Figure 15, when the arginine concentration
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is increased, the final particle size can be seen steadily decreasing across lower concentrations
and starting to plateau as the total mass of the arginine approaches 1 millimole.

Figure 15. Size dependence of silica seed particles on the amount of L-Arginine in synthesis.

It can also be noted, as the final particle size exceeds 10 nm, the polydispersity in the
sample rises considerably. The reason for the rise in polydispersity as the nanoparticle size
decreases is likely two-fold. First, as the size of the final particle decreases, the size and shape of
the particles produced will be less homogenous due to a shortened Ostwald ripening phase of the
reaction. Secondly, the smaller particle size may lead to a greater error in physical measurement.
The smaller the particle, the less probable it is for the AFM cantilever to contact the apex of the
particle during the horizontal scan which will artificially broaden the recorded particle
distribution.
3.3.2. Seed Particle Regrowth Synthesis Results
Following the well documented method pioneered by Watanabe et al. in 2011, the seed
particles were regrown immediately after their synthesis.39 With this method, a small fraction of
the seed particle solution was introduced into the regrowth media to achieve particles of
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systematically larger sizes. The final particle sizes were controlled by varying the concentration
of seed particles in the solution while keep the rest of the reactant volumes constant. The
variation of final particle sizes with respect to the seed particle concentration in the solution is
shown in Figure 16. Seed particles were successfully regrown from their original size of 12 nm
to close to 200 nm while maintaining very good monodispersity.

Figure 16. Size of the regrown silica nanoparticle as a function of the volume of seed particles
put into the solution at the start of the reaction. Error bars represent the polydispersity index for
each particle size distribution within each sample.

The data presented on the graph shows the polydispersity index (PDI) decreasing as the
seed particles are regrown to larger sizes. This was reasonably expected due to a longer Ostwald
ripening phase. Although, as the particle size exceeds the 200 nm mark, it was found the PDI
would drastically increase. This sharp increase in polydispersity is likely a direct result of having
too few nucleation sites with respect to the hydrolysis rate of the TEOS. When the rate of TEOS
hydrolysis surpasses the particle growth rate, secondary nucleation sites are suspected to form,
thus putting an upper limit on this specific synthesis. For the set-up used, the lowest volume of
seed particles that can be used in a synthesis without the formation of secondary nucleation sites
was found to be 35 µL.
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Figure 17. SEM images of monodispersed silica nanoparticles with average particle diameters
systematically varied using the Stöber seeded regrowth method.

3.4. Conclusions
Through this seeded regrowth method, highly monodispersed Stöber silica nanoparticles
were reproducibly synthesized on the order of 7-200 nm in diameter. Furthermore, the sizes of
the regrown particles are shown to be easily controlled by varying the amount of seed nuclei
introduced to the regrowth media. Depositions of these particles onto the silicon substrates show
3-dimentional well-ordered hexagonally close-packed arrays of silica nanoparticles can be easily
formed through liquid phase depositions of clean, monodispersed solutions. Conclusively, this
method presents a convenient way of making small, sub- Stӧber, monodispersed silica
nanoparticles of systematically varying diameters that are able to be assembled into hexagonally
close packed 3-dimensional structures with interparticle voids of controllable sizes. Any attempts
in the creation of particles over the 200 nm size limitation with this method resulted in heavily
polydispersed or bimodal distributions of particles in the sample.
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CHAPTER 4
SEMIBATCH STӦBER SYNTHESIS
4.1 Introduction
Obtaining monodispersed pure silica particles over a micron in diameter is often times
thought to be fairly difficult. The traditional one-pot Stӧber method is typically only capable of
producing monodispersed particles on the order of 0.1 – 1 µm when the reaction variables are
maximized in such a way. Attempting to grow pure silica spheres with the traditional Stӧber
method over one micron in diameter will generally result in mass polydispersity in the sample or
irregularly shaped particles. This is primarily due to attempting to push the silica nanoparticle
reaction conditions past a threshold allowable for the system. Ideally following CNT, a number
of nucleation sites will form based on the initial volume of silica precursor hydrolyzed in the
system. Assuming no nucleation sites emerge after the primary nucleation burst and the number
of particles stays constant throughout the reaction, then the smaller the percentage of silica used
to create primary nucleation sites with regard to the total amount of silica precursor in the system
would lead to larger overall particle sizes.
There are two main ways of reducing the number of nucleation sites in the Stӧber system:
reducing the hydrolysis and condensation rates of the silica precursor or reducing the feed rate of
the silica precursor. Reducing hydrolysis and condensation rates of the precursor can be done by
changing chemical compositions, such as lowering the amount of catalyst in the system, or by
changing a physical parameter such as reducing the temperature of the system to make the
chemicals overall less reactive. Unfortunately doing this could have adverse effects like causing
the hydrolyzed precursor to condense too slowly. If the condensation rate is reduced to a small
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enough fraction with respect to the hydrolysis rate of the precursor this will promote the
formation of secondary nucleation sites and cause polydispersity in the sample.
To combat the polydispersity in a sample, a semibatch reaction is often times preferred.
Opposed to batch reactions where all chemicals are immediately dumped into a single vessel,
semibatch reactions are a class of reactions that involve a timely addition of one or more
reagents. In a semibatch Stӧber reaction, an ethanolic solution of the silica precursor (TEOS) is
fed into a reaction vessel containing the rest of the reactants over a period of time. This allows
for a constant hydrolysis rate to be set without modification of any of the reactant quantities.
The rate of addition of silica precursor to the reactant vessel will play a role in determining the
final sizes of the particles. A fast, immediate addition will result in lots of nucleation sites while
a slower addition will result in a smaller nucleation burst. Although it might seem logical that the
particle size can be forever increased by steadily reducing the feed rate but unfortunately, it turns
out that the size of the particles will plateau at a certain minimum feed rate causing any lower
feed rate to be time wasted. This is possibly due to a critical amount of hydrolyzed TEOS needed
in the system before condensation can occur thus setting a lower limit on the number of
nucleation sites.
4.2 Experimental
4.2.1 Chemicals
Tetraethyl orthosilicate 98% (CAS: 78-10-4) was purchased from Acros Organics,
cyclohexane 99.9% (CAS: 110-82-7) and certified ACS plus 28-30% ammonium hydroxide
(CAS: 1336-21-6,7664-41-7,7732-18-5) were purchased from Fisher Chemical, ethyl alcohol
200 proof (CAS: 64-17-5) was purchased from Pharmco-Aaper, and all chemicals were used asreceived from the companies without further purification. Ultrapure (type1) deionized water
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(>20.0 MΩ.cm) was produced using a Millipore Direct-Q 3 UV water purification system. All
glassware used was borosilicate and manufactured by Kimble. All stir-bars used in the reactions
were chemically resistant PTFE coated. Ultra-flat, <100>, N-type, phosphorus doped silicon
wafers (single side polished) used for imaging substrates were purchased from Sigma Aldrich
and Electron Microscopy Sciences (EMS) and were cut using an EMS retractable diamond
tipped scribe. All silicon wafers were cleaned and prepared using the procedure in Appendix I.
4.2.2 Semibatch Synthesis
In a typical synthesis, a 50 mL beaker was filled with 13.776 mL ethanol, 1.223 mL
Millipore water, ‘x’ potassium chloride, ‘y’ ammonium hydroxide, and a magnetic stir bar. This
50 mL beaker will serve as the reaction vessel for the rest of the synthesis. The concentrations of
potassium chloride (x) and ammonium hydroxide (y) are the variables studied in these
experiments. The reaction vessel is then covered with tin foil and placed in a cold-water jacket
where it is held at 10 ˚C. The jacket was filled with 100 mL of deionized water, just so the water
level in the jacket was higher than the level of the reactants within the reaction vessel. The
reaction vessel was allowed to equilibrate with the cold-water jacket while stirring for 30
minutes before the rest of the reagents were introduced.
In a separate 10 mL beaker, 8.846 mL ethanol and 1.154 mL TEOS were measured out
and mixed. All of this ethanolic TEOS solution was withdrawn in a 10 mL gastight non-reactive
glass syringe with a PTFE plunger. This syringe was then placed in an automated syringe pump
and set for a defuse rate of 8 mL per 4 hours. Once the chemicals in the reaction vessel had the
opportunity to equilibrate with the water temperature over the course of 30 minutes, the needle
connected to the syringe with non-reactive tubing was poked through the aluminum foil lid to the
reaction vessel allowing for direct flow into the vessel while preventing the needle from touching
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the solution. Finally, the syringe pump was set to diffuse and the reaction was allowed to run for
at least 12 hours after the last drop of the 8 mL was injected into the reaction vessel to make sure
the reaction had gone to completion. After the reaction went to completion, the solution was then
placed in a falcon tube and centrifuged at 7500 rpm for 20 minutes before being placed on the
shelf. The centrifugation was only repeated twice to remove the excess reactants to avoid
removing small secondary nucleation sites in case they were present in the solution. Removing
the secondary nucleation sites prior to characterization would bias the data. Only after the sample
was characterized, further centrifugal cleaning was done if necessary.
4.2.3 SEM Characterization
All semibatch silica particles were characterized with either the JEOL 5310-LV SEM or
the JEOL JSM-7200F FE-SEM. The characterization of the semibatch silica particles follows in
a similar manner to that of the method used to characterize the regrown silica particles. First a
silicon substrate was roughly cleaned with a toluene covered Kimwipe. Due to the size of the
particles being observed, this silicon substrate was only roughly cleaned because nanoscale
contaminants will be out of the focal plane and not observable. The roughly cleaned silicon
wafer was then plasma cleaned for 5 minutes to make the surface hydrophilic. 2 µL of the
centrifuged silica nanoparticle dispersion was taken from a stock solution and drop-casted onto a
hydrophilic silicon substrate. The sample was typically sputter coated and imaged before being
placed into the SEM. The SEM images were analyzed using ImageJ (FIJI) and a particle size
distribution for each sample was achieved using the procedure in Appendix G.
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4.3 Results and Conclusions
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Figure 18. This phase space plot shows the effects the concentrations of potassium chloride and
ammonium hydroxide have on the size and uniformity of the nanoparticles. While the size is
clearly written in microns, the uniformity is discussed in terms of monodispersity. The “Very
Monodispersed” label is reserved for samples with less than 5% standard deviation in their sizes
while the “Monodispersed” label is used for samples with particle size distributions that may be
slightly larger but still lack secondary nucleation sites. “Semi Monodispersed” is used to describe
samples that are otherwise monodispersed but have low populations of small secondary
nucleation sites. Finally, “Bimodal Size Distribution” is used to describe samples with
considerable populations of secondary nucleation sites.
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4.3.1 Effects of Potassium Chloride
Potassium chloride is a metal halide salt that is able to decompose in aqueous media. The
ionic decomposition in water causes the potassium chloride to act as an electrolyte in the solution
which affects the surface energies of the particles during the growth stage. Previously, studies
have been done investigating the effects various electrolytes with different cationic species have
on semibatch Stӧber reactions but only few systematic studies have been done investigating
individual electrolytes in depth.
Looking at the trend in Figure 18, it is clear that the final particle size grows with
increased concentrations of electrolyte in the semibatch Stӧber reaction. The proposed reasoning
for the increase in size is due to the absorption of the cations into the silica particles during the
growth phase which reduces the electric surface potential.41 The reduced electric surface
potential allows for a larger number of silanol species to attach at a faster rate during the growth
phase which keeps the free energy of the solution from exceeding the saturation point.
Interestingly enough, the range from 0.716 to 1.432 mg potassium chloride yielded some
of the best results on the phase space. Not only did this range yield the most monodispersed spots
per volume ammonium hydroxide, it also included the points that were the most monodispersed.
Previous studies have found the optimal concentration to be somewhere in the range of 0.3 to 0.4
mg potassium chloride for this quantity of solution.41,42 The discrepancy could be due to the
temperature differences in the reactions. While the previous studies ran their reactions at room
temperature, the reactions in this study were all conducted at 10 ˚C. The lower temperature might
have altered the reactivity of the agents in the solution thus necessitating an increase in
electrolyte concentrations.
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4.3.2 Effects of Ammonium Hydroxide
Ammonium hydroxide is a weak base that acts as a catalyst in this synthesis. Due to the
increase in free hydroxide radicals in the aqueous phase, the hydrolysis of the TEOS into active
alkoxy silanes will happen more rapidly thus expediting the growth of the particles. The effects
of this can be seen on the vertical axis of the phase space in Figure 18. The first trend noticeable
is the rise and fall of the average particle diameter over each column in the matrix. Depending on
the mass of potassium chloride used in the solution, the average particle diameters for each
individual sample seem to approach a maximum somewhere in the range from 0.948 to 1.58 mL
of ammonium hydroxide. This trend is likely due to the optimal concentrations of ammonium
hydroxide for each particular system being approached such that there is complete quenching of
all secondary nucleation sites. Thus, the lack of secondary nucleation sites increases the primary
particle size. This trend is true for a macroscopic view of the graph despite there being just a few
outliers in the data such as the synthesis that used 1.58 mL ammonium hydroxide and 1.074 mg
potassium chloride. This deviation can likely be explained due to a random error in the synthesis
and should be disregarded in the trend.
Since it is clear that the ammonium hydroxide can be used as a mechanism for the control
of the monodispersity of the final particles produced in the semibatch synthesis, labels and color
schemes were used in Figure 18 to describe the more or less monodispersed regions. Low
ammonium hydroxide concentrations tend to yield samples with a bimodal distribution of
particle sizes as shown in Figure 19A. The reason for this is likely due to slow particle growth
during the synthesis with respect to hydrolysis rate of the TEOS. Increasing the volume of
ammonium hydroxide in the synthesis seems to approach region of high monodispersity. Across
the potassium chloride phase space, the volume of ammonium hydroxide that seemed to yield the
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consistently monodispersed particles appears to be around the 1.264 mL mark. This localized
region of monodispersity indicates a degree of linearly independence between the two variables
investigated. This is a favorable result because it shows the monodispersity of a sample can be
modified while simultaneously changing the size of the particles synthesized. Exceeding past the
favorable region will then make the surfaces of the particles too reactive and thus decreasing the
monodispersity in the sample. Symptoms of this are clear when bonded or dumbbell shaped
particles are observed.

Figure 19. Image A describes the case where the sample has a bimodal distribution, B describes
the case called “semi-monodispersed,” C describes the case called “monodispersed,” and D
describes the case of “very monodispersed.” Images A and B are taken on the JEOL JSM-7200F
FE-SEM and Images C and D are taken on the JEOL 5310-LV SEM.
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4.3.3 Conclusion
Micron sized monodispersed Stӧber silica particles were synthesized using a semibatch
synthesis held at 10 degrees above the freezing point of water. The decrease in temperature
allowed for more precise control over the mechanisms of reaction in this synthesis and thus
allowing for more monodispersed particles to be synthesized with respect to studies in previous
literature. Furthermore, the effects of the concentrations of ammonium hydroxide and potassium
chloride in the reaction were rigorously studied across 36 points in a phase space and their
effects on the synthesis’s resulting particle sizes and their monodispersity was noted. These
results not only show that the size and monodispersity can be individually tuned but they can be
tuned with a great deal of precision and reproducibility. While this synthesis was only conducted
at 10 ˚C, there is potential in continuing with further studies on the temperature dependence.
While the decrease in temperature here showed direct increase in the monodispersity, it is likely
that a further decrease in temperature will have a similar effect.
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CHAPTER 5
FURTHER DEVELOPMENTS
5.1 Introduction
While the previous experimental chapters were ordered in such a way to emphasize the
quantitative data, most data in this chapter is qualitative and thus the chapter will be ordered in a
different manner. While some rigorously scientific experiments were carried out, the bulk of the
work in this chapter focuses on the rapid developments and preliminary tests in order to gauge
the validity of the work to come. Since the concept of designing a free-standing, rigid support
made purely of silica nanoparticles is no trivial task, there were many failures along with the
successes that need to be documented. The work in this chapter focuses on the methods for
developing the rigid silica nanoparticle supporting substrate, preliminary tests for increasing the
mechanical strength of the supporting substrate, and preliminary tests on the depositions of the
gold nanoparticle self-assembled monolayer onto a silica nanoparticle substrate.
5.2 Silica Nanosphere Disk Development
After the successful syntheses of monodispersed silica nanoparticles, as described in
chapters 3 and 4, the next and most difficult step thus far is to design a method for forming the
particles into tightly-packed robust disks that can conveniently fit in a standard 13 mm filter
housing. This task was particularly difficult due to our desire to force close-packed order of submicon particles on a macroscopic level and the lack of literature to accompany something on this
size-scale. Most prior literature involving nanosphere templating was only concerned with small
arrays of close-packed particles that only spanned several microns. There was almost no
literature found for ordered arrays of a millimeter type scale much less for a structure that is to be

42

free-standing. The difficulty here lies in the fact that even the slightest inhomogeneity in an array
can cause a large-scale disruption in the particle ordering.
Initial attempts for creating the disks involved different methods of casting the particles
onto various substrates from a colloidal state. While this method seemed initially promising due
to the well-ordered packing of the particles induced from the energy released from the solvent
evaporation, large cracks were always observed in the packed arrays as shown in Figure 20. This
is likely due to the drying stresses and sudden change of the interparticle spacings during solvent
evaporation.43 While it was found that these faults could be filled in by repetitive colloidal
depositions, this would increase the disk thickness too much and thus decrease the flowrate. The
larger and most prevalent issue of colloidal depositions is that the particles were found to be
equally likely to bond to the substrate as they were to each other. All attempts at removing the
silica nanoparticle disks from whatever substrate they were fabricated on would almost always
result in complete destruction of the disk, thus making this method of disk design near
impossible.

Figure 20. Example of a fault in a hexagonally close-packed silica nanoparticle multilayer
resulting from a drying-stress during solvent evaporation.
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After many other attempts, the idea of forming particle disks using a hydraulic press was
finally decided upon. Hydraulic presses are well-known instruments in chemistry used for
turning powder substances into pellets. The action of exerting a uniaxial load onto a powder is
typically in an attempt to force bonds to be created under pressure. The energy from the pressure
exerted is often times enough to drive the entropy of the system into a more ordered state, which
is precisely what needs to be done with the nanoparticles. In the case of pressing a nano-powder,
the goal is to apply enough of a pressure to induce ordering but not enough pressure to destroy
the integrity of the particles. This is in contrast to pressing salts like potassium chloride in an
attempt to turn the powder into a solid through intermolecular bonding at a much higher
pressure.
The main benefit of using a hydraulic press is that it would avoid any of the dilemmas
experienced during liquid phase depositions. The nanoparticle dispersions can be easily dried
into powders in an oven near the boiling temperature of the solvent and coarsely grounded using
a pestle and mortar without visible damage. A 13 mm press mold was machined using a mill and
lathe such that it had the exact dimensions of the existing filter housing that the preliminary
experiments are intended to be conducted in. A schematic diagram and an image of the actual
finished mold is shown in Figure 21 and an example image of the grounded up particles prior
and post pressing are shown in Figure 22. All pressing was carried out with a Carver Laboratory
11-ton press. While the actual pressing itself was not conducted in a manner that was rigorously
scientific due to the error in the pressure readings, it was found for the 1 um spheres tested, that
any pressures over 1 ton would result in shattering of the particles and any pressures below a half
ton would result in poor packing. An example of the cracked particles is shown in Figure 23. The
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manner in which these observations were taken was very casual and polydisperse nanoparticle
samples were used to gain a rough ballpark measurement.

Figure 21. On the left is a schematic of the press mold under a uniaxial force and on the right is
the actual mold designed using a lathe and milling machine. The inner cavity has a diameter of
13 mm and it cannot be seen from these images but the bottom of the inner cavity is able to be
removed for ease of access. All parts of the mold are made from corrosion resistant stainless
steel and are made with high precision so there is minimal particle loss during compression.

Figure 22. On the left is an image of a silica nano-powder pulverized by a pestle and mortar. On
the right is an image of the nano-powder pressed into a compact 13 mm diameter disk under 1
ton of force.
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Figure 23. The difference in shattering of a bulk of 1 um silica nanoparticles subject to 1-ton and
2-ton uniaxial pressures. For these simple experiments, polydisperse samples were used to gain
ballpark measurements. While uniformity in the sphere sizes would promote more accurate stress
and strain dissipations, the actual difference in the shattering point of particles within an order of
magnitude is expected to be marginal.

5.3 Nanosphere Sintering
After the development of the first silica nanoparticle substrate prototypes, it was clear
that they were very frail and weak. For these substrates to be used in a practical sense, they must
be strong enough to withstand several tens of PSI. Since these substrates are very similar in
properties to ceramics, it was logical that thermal sintering would be the first method
investigated. In the case at hand, thermal sintering is achieved by heating the silica nanoparticle
substrates to the softening point to induce bonding with their nearest neighbor nanoparticles. The
increase of shared material or bonds with the nanoparticles and their neighbors would be a direct
increase of the mechanical strength of the entire substrate. Since the substrates are deliberately
designed to be porous, it is highly important that nanoparticles are in fact sintered, but not
melted. The staunch difference between sintering and melting is the amount the original particle
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has changed in morphology; thus, these following experiments focus on finding the best possible
temperatures and scenarios where the substrates are sintered, but retain significant porosity.
5.3.1 Soda Lime-Glass Bead Sintering Tests
The first sintering experiments were done using large soda lime-glass beads ordered from
Polysciences Inc. This was done in an attempt to investigate their possible applications as a
prefilter for the anisotropic size-selective filter. The idea here is that the prefilter is to remove
large scale contaminants to avoid fouling of the size-selective anisotropic filter. These beads
were ordered in three varieties of sizes: 210-250 µm, 30-50 μm, and 3-10 μm. While the
monodispersity of the smaller silica spheres was absolutely crucial, the monodispersity of the
larger glass beads was less relevant. The purpose of these filters is just to merely remove most
large contaminates and this does require incredible precision. Also, the flow through these larger
spheres will be orders of magnitude larger than the flow through the gold membrane, thus having
a negligible effect.
The sintering procedure for the soda lime-glass beads is described in depth in Appendix
D. The preliminary sintering tests here were done on clean silicon wafers and using a kiln under
normal atmosphere. The beads were deposited on silicon wafers in these experiments in an
attempt to develop a method of easy and consistent measurements of the particle sintering. The
tests were done by heating identical samples to various temperatures and imaging them with an
SEM. The initial temperature started at with the first experiment was 650 ˚C as it is the value
found in literature for the soda-lime glass softening point. All experiments were done in the same
manner where the temperature is slowly ramped up and held at the ideal setpoint for 2 hours
before slowly ramping down to avoid stress fractures. The SEM images of the different sized
glass beads heated to various temperatures are shown in Figure 24 through Figure 29.
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Figure 24. SEM images of glass beads held at 650 ˚C for 2 hours. No noticeable deformations
were observed.

Figure 25. SEM images of glass beads held at 700 ˚C for 2 hours. Sphere deformation was
observed in image B.

Figure 26. SEM images of glass beads held at 725 ˚C for 2 hours. Spheres in image B have lost
almost all spherocity. Slight sintering is observed in image C.
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Figure 27. SEM images of glass beads held at 650 ˚C for 2 hours. Deformations are observed in
Images B and C.

Figure 28. SEM images of glass beads held at 800 ˚C for 2 hours. Images B and C are past the
point of melting but Image A has maintained almost complete spherocity.

Figure 29. SEM images of glass beads held at 850 ˚C for 2 hours. All spheres are completely
melted to the substrates.
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Concluding these experiments, it was found the majority of the glass beads were
significantly softened somewhere around 725 ˚C as shown in Figure 26. It is important to note
the different rates of sintering of the different sized beads. Although these beads are large enough
to absolutely classify as a bulk material, which will display like properties, it can be theorized
that the smallest of the spheres would most likely be the first ones to melt. This was not the case
as the glass beads in the size range of 30-50 μm were observed to melt first. While it was initially
perplexing, it was later deduced that they packed most densely on the substrates and had the
most surface areas in contact with one another to transmit heat. This would likely explain the
early melting because the soda-lime glass would have avenues to flow as it would display fluidlike properties once softened. This was then confirmed in later experiments when the Stӧber
silica particles were packed into substrates and then sintered.
The first functional prefilter prototype was fabricated with 210-250 μm beads and was
sintered at only 650 ˚C. Optical images of this are shown in Figure 30 and SEM images are
shown of this in Figure 31. While the sintering of this prototype substrate was clearly very
effective in terms of increasing mechanical strength, it did not affect the porosity of the substrate
much at all. Unfortunately, any further experimentation on the effects of sintering on these
prototypes is impractical due to the lack of equipment for mechanical strength characterization at
the time.
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Figure 30. These pictures (left and right) are of 13 mm disk made of 210-250 μm sintered glass
beads. Prior to sintering, the glass beads would simply roll around like marbles as they were
unbounded but after sintering, the disk was able to be freely handled without fracturing.

Figure 31. These SEM images show the edge of the 13 mm disk made of the sintered 210-250
μm glass beads. The image on the right clearly shows the particles have bonded to their nearest
neighbors and have maintained size and shape.

5.3.2 Silica Nanoparticle Sintering
After the development of the glass bead filter prototypes, the Stӧber silica nanoparticles
were next investigated. Although, learning from the previous experiments, the sintering
temperature of the particles will be highly dependent on the environment, experiments were still
done in a similar fashion to Appendix D involving the small silica particles. Like the glass beads,
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small volumes of the silica nanoparticle suspensions were deposited on clean silicon wafers and
heated to various temperatures. Since the nanoparticles are made free of dopants, it was to be
expected that the sintering temperatures would be significantly higher. Here, the experiments
started at 700 ˚C and increased all the way to 1200 ˚C and SEM images of the results are shown
in Figure 32. Although the images are dark and low contrast due to the small particle size,
noticeable sintering does not occur until somewhere in the range of 1100 ˚C – 1200 ˚C.

Figure 32. Silica nanoparticles synthesized via modified Stӧber method drop casted onto clean
silicon substrates and placed in the oven and heated to various temperatures. The numbers in the
top right of each image are the setpoints in which the samples were held at. Remarkably little can
be said about images A-D but image E shows signs of softening and image F shows clear
sintering.

After the preliminary experiments were completed on the silicon substrates, volumes of
the silica nanoparticle suspensions were dried and pressed into disks. These disks were then
sintered in a similar fashion and imaged with the SEM and the SEM images are shown in Figure
33. The first sintering was done at 1200 ˚C and was held at the setpoint for 2 hours similar to the
previous experiments. As expected, this resulted in particles that were very much beyond
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sintered and the substrate lost all porosity and even lost its ability to remain flat. Although the
substrate was very strong, it bent because the heat increase was too rapid and caused a
temperature differential inside. Eventually the temperature was decreased to 900 ˚C and the
particles and the substrate were seen to keep their form, but the whole substrate was significantly
weaker.
To increase the mechanical strength of the substrate without creating too much of a
temperature differential, the maximum temperature setpoint was kept at 900 ˚C, but the holdtime was then increased. Preliminary results for this are shown in Figure 34. Experiments were
carried out with a 2-hour hold time, 4-hour hold time, 6-hour hold time, and 8-hour hold time
and an increase in the particle contact area could be visually seen on the SEM and the
mechanical strength of the substrates was also noted to increase. Again, due to a lack of proper
equipment, no rigorous studies could be completed on the mechanical strength of these
membranes, only qualitative and visual confirmations could be recorded.

Figure 33. Stӧber silica nanoparticle substrates (≈ 1 µm) sintered at various temperatures ranging
from 900 ˚C to 1200 ˚C. All these samples were ramped up and kept at the setpoint temperature
for 2 hours before cooling.
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Figure 34. Substrate made of Stӧber silica nanoparticles (≈ 1 µm) held at 900 ˚C for 6 hours.

5.4 Preliminary Self-Assembled Monolayer Deposition Results
5.4.1 Hydrophilic Substrate Depositions
While the substrates were in a developmental stage, different methods were investigated
for monolayer depositions onto tightly packed silica nanoparticle substrates. There were two
main methods of monolayer depositions investigated, draping and stamping, which are both
described in Figure 35. The method of draping refers to the act of depositing the self-assembled
nanoparticle monolayer through the evaporation of the medium on which it is assembled, while
the method of stamping refers to the act of creating the self-assembled nanoparticle monolayer
on the liquid vapor interface and gently pressing the substrate onto the face of the water droplet
with intent that the self-assembled nanoparticle monolayer will adhere to the substrate once the
solvent has all fully evaporated. In both cases, the water droplet is typically on the order of
several hundred microliters and the substrate is sufficiently small compared to the diameter of
the water droplet. For the preliminary investigations, hexagonally close-packed arrays of silica
nanoparticles were deposited onto clean silicon wafers which were used to mimic the surfaces of
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the filter disks that were being concurrently designed. These were concluded to be a suitable
substitution due to the fact that they were cheap and reproducible.

Figure 35. This schematic depicts the differences between the stamping and draping methods
used for monolayer depositions. In the image on the left, the self-assembled monolayer is formed
over-top the substrate and it is deposited as the water dries. On the right, the self-assembled
monolayer is formed and the substrate is simply pressed against the side of the water droplet and
removed in hopes that the self-assembled monolayer adheres to the substrate.

Stamping was the first method tested as it was the method used in the literature.14 Here,
clean, hydrophilic silicon wafers covered with silica nanoparticles were gently pressed against
the liquid-vapor interface spanned by the self-assembled monolayer in attempts to adhere the
monolayer to the substrates surface. This process was repeated using silica nanoparticles of
various sizes. The morphologies of the gold nanoparticle self-assembled monolayers on the
stamped substrates were then characterized using a SEM and an example image is shown in
Figure 36. While Figure 36 only shows the case where 780 nm silica particles were used, the
morphologies of the membrane seen in these images are characteristic for the majority of
stamping attempts. There were slight areas of monolayer coverage seen, but this is likely due to
multi-layers and the vast majority had none. The monolayer was also observed to wrap up in
long string-like fibers as seen in the images below. This is likely due to the large forces involved
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in the stamping process on the gold membrane causing it to violently tear and coil up. Although
this process is relatively quick and easy, the results were poor in terms of monolayer coverage.

Figure 36. Gold nanoparticle self-assembled monolayer deposited onto 780 nm silica particle
substrate using the stamping method.

Since the poor coverage using the stamping method was accredited to the violent nature
of the stamping process, it was predicted the draping method would yield better results. In this
method, silica nanoparticle substrates were created in a similar manner, but this time they were
placed underneath the water droplet for the self-assembled monolayer to deposit onto it after the
water evaporates. In room atmosphere, a droplet of water consisting of several hundred
microliters will typically take upwards of a day to evaporate, yielding a very gentle deposition
method. Some examples of the results are shown in Figure 37 and Figure 38. As seen in the
images, there is dramatic improvement in the consistent coverage of the self-assembled
nanoparticle monolayer. Although the coverage was good, there were still very few regions
where the monolayer was seen to span open gaps in the substrate. Figure 38 shows an example of
a very small area where the monolayer was able to span across three particles but for the most
part, spanning was only seen to occur on folds or multi-layers. This test was then repeated on a
substrate with smaller silica particles as shown in Figure 39. Although it was assumed the
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monolayer would more readily span substrates of smaller diameter spheres, but unfortunately,
similar results were observed with little coverage.

Figure 37. Gold nanoparticle self-assembled monolayer draped on larger silica nanoparticles.
The image on the left shows a region where a fold in the monolayer has laid on the silica
nanoparticle substrate. The image on the right shows a region of hexagonally close packed silica
particles with the gold self-assembled monolayer partially covering each particle. Both images
show very poor surface coverage of the self-assembled monolayer. The only region the
monolayer spans is where it has folded over upon itself

Figure 38. Gold nanoparticle self-assembled monolayer draped over 780 nm silica particles.
Although there was not much coverage in the whole sample, there was this area where the
monolayer spanned across three particles unsupported.
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Figure 39. Gold nanoparticle self-assembled monolayer draped onto 97 nm silica particle
substrate.

5.4.2 Hydrophobic Substrate Depositions
Looking at the results from the previous experiments, the only areas that showed
reproduceable monolayer coverage were the regions with folds or double layers. While it is
possible the double layers added strength to the membrane due to thickness, there is also a
functionalizing aspect of them. In a sense, the first layer to drape onto the spheres may simply
act as a hydrophobic coating to the silica’s native hydrophilic hydroxyl surfaces prior to the rest
of a fold or second layer falling on top of it. The good coverage of these regions would indicate
that the monolayer may then be more inclined to adhere to the surfaces that are functionalized to
be hydrophobic and thus span the gaps between them. To test this theory, hydrophilic substrates
covered in silica nanoparticles were created in the same manner as the prior experiments. After
their creation, the whole substrates, nanoparticles and wafer, were then coated with a dodecyltrichlorosilane. This silane, similar to the thiol used to functionalize the gold nanoparticles, has a
carbon chain length of 12 and shares almost identical physical properties to the thiol. The
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finished silane functionalized substrates are shown in Figure 40 with a 2 µL water droplet on top
to show the contact angle of the substrate.

Figure 40. 2 µL water droplet sitting on a dodecyl-trichlorosilane functionalized hydrophobic
substrate.

Self-assembled gold nanoparticle monolayers were then draped on top of the silane
covered substrates in a similar manner as before. This time, it was much more difficult to get the
water droplet to completely cover the substrate prior to the self-assembly due to its hydrophobic
nature. Whenever water was dropped onto the substrate, it would either roll off or jump across to
the substrate edge to avoid making contact with the very hydrophobic face. Although, once the
substrate was completely surrounded with water, more water then could be added on top to
completely submerge it and the experiment could be then run without a problem. As predicted,
the hydrophobic functionalization of the substrates produced very favorable results in terms of
consistency and coverage. The monolayer was observed to span areas of several microns without
a rip or tear which is a significant improvement to the previous hydrophobic results. The increase
in surface adhesiveness could be due to a combination of phenomena, but most likely has to do
with the immediate drying of the nanoparticle’s surfaces. Example SEM images are shown of the
self-assembled monolayer draped onto the hydrophobic substrate consisting of 780 nm silica
spheres and 154 nm silica spheres in Figure 41 and Figure 42 respectively.
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Figure 41. Gold nanoparticle self-assembled monolayer draped onto 780 nm hydrophobic silica
nanoparticles.

Figure 42. Gold nanoparticle self-assembled monolayer draped onto 154 nm hydrophobic silica
nanoparticle substrate. As shown in the image, there is almost complete monolayer coverage
with a fold traversing the center of the image.

5.5 Conclusion
While this project was primarily focused on silica nanoparticle synthesis methods for the
substrates, the preliminary results shown in this chapter are meant to lay the groundwork for
future research on this topic. In this chapter, through a brief series of experiments, the possibility
and validity of an anisotropic membrane made of silica nanoparticles substrate supporting a gold
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nanoparticle self-assembled monolayer was established. Due to lack of time and the brevity of
these experiments, there remains much left to investigate involving the fundamental designs of
the membranes. The first topic that needs further investigations is the method of silica
nanosphere disk development. While the current method of using a hydraulic press is effective
on the macroscopic level, it would be beneficial to develop a method that could induce better
particle ordering in the substrate.
The effects of the sintering temperatures on the silica nanospheres is also a topic that
could benefit from further investigation. Most investigations here were almost purely mechanical
strength as a function of the sintering temperature, but there is much left to look at involving
duration of applied heat and annealing rates. It was shown in Figure 34 that lower sintering
temperatures were less likely to cause a gradient of temperature within the substrates and were
shown to be less destructive to the substates. Temperature ramping and cooling methods may
also play a role in the strengths of the substrates as well.
Finally, the experiments involving the depositions of the gold nanoparticle selfassembled monolayers on hydrophobic functionalized substrates were a huge success. The
spanning of the monolayer was shown to increase from almost nothing to almost complete
coverage for sphere sizes below 1 µm. The results found here are unprecedented in the current
literature and the exact effects of the hydrophobicity of the substrate with respect to how the
monolayer spans has yet to be laid out in detail. Further investigations will likely involve
systematic depositions of the monolayer on substrates varying in hydrophobicity and sphere sizes
to see how those parameters affect the mechanical strength of the membrane.
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APPENDIX A:
OFFICE OF RESEARCH INTEGRITY APPROVAL LETTER
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APPENDIX B:
JEOL 5310-LV SEM BASIC OPERATIONAL PROCEDURE
1. Using black conductive double-sided tape, mount your sample on a clean sample stub and
fasten the stub into the stub holder using the set screws.
2. Before attempting to insert your sample into the SEM, press VENT on the SEM front
panel to introduce atmosphere into the chamber.
a. The SEM chamber door will not open until the column has reached atmospheric
pressure.
3. Pull out the chamber door so the stage is accessible. Slide your sample across the rail on
the specimen stage such that the dove tail of the specimen holder fits snugly to the lip at
the end of the rail (locking it in place).
4. Raise the stage such that the top of your sample is within a couple millimeters away from
the bottom of the final electron beam aperture.
a. The distance the sample is to the orifice of the aperture will affect the best overall
resolution achievable. It is recommended to get the sample as close to the
aperture as safely possible.
5. Close the chamber door and evacuate the airlock by pressing EVAC on the SEM front
panel. The chamber will pump down and HT READY will show on the screen on the
SEM front panel once the SEM has reached an operational vacuum level.
a. It will take about 2 minutes after pressing the EVAC button before the SEM will
show HT READY.
6. Press the HT Button on the SEM front panel to allow current to go to the tungsten
filament.
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7. Press the “line scan” button on the SEM control panel.
a. The line scan mode will show a single slow scan of the electron beam across the
screen. This will allow users to see the sample features as a function of the
filament temperature.
8. Slowly turn the filament knob to the designated set point.
a. A set point is typically designated by a steel indicator on the knob. Do not turn the
knob past the setpoint unless instructed to.
b. The filament will be heated from room temperature to 3000 ˚C in a very short
time. In efforts to conserve the filament, it is best to rotate the knob no faster than
a rate of 360˚ per minute.
9. Adjust the brightness and contrast such that the line is “live” and centered on the screen.
Further adjust the contrast to increase feature definition on the line scan.
10. Now that the brightness and contrast are roughly set, press the TV button to get a full
screen “averaged” picture of the specimen and zoom out all the way.
a. The fully zoomed out image should make it easy to find the desired area of the
sample for investigation.
11. Focusing should be done incrementally. Focus first at minimal zoom and keep
refocusing as the zoom is increased.
a. Increasing the zoom too fast without focusing will result in a lost image.
b. Focus is done strictly with the focus knob on the control panel.
12. Stigmation adjustments can be done after focusing using the X-Y stigmator knobs on the
SEM control panel. Adjust the knobs to undo artificial stretching seen in the image.
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13. Align the objective lens aperture with the WOBB button on the SEM lower front panel.
After depressing WOBB, the image will turn to TV mode and start flashing. Use the X-Y
knobs to align the image (make it have the appearance of blinking in-and-out of focus
opposed to shifting horizontally or vertically).
a. Objective lens aperture alignment is best done between 20k-100k magnification.
14. When ready, images can be taken by hitting photo on the SEM control panel.
a. Image quality can be improved by choosing a slow scan mode when taking the
images.
b. Images taken on TV mode will result in shared pixels.
c. Changing the scan mode may require an adjustment in brightness and contrast but
the focus and alignment should stay the same.
d. To save the photos on the computer, open up the correct software on the
associated computer next to the SEM. Open the PrinterFace Software. Under
File, Open Record Configuration and choose the configuration matching what is
being used on the SEM. When ready, press the photo button on the SEM control
panel. Right after photo is pressed, a click will come from the SEM. At this time,
press RUN on the SEM Printerface software and an image will develop on the
screen. Make sure RUN is pressed as soon as the click is heard or part of the
image will be lost.
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APPENDIX C:
JEOL JSM-7200F FE-SEM BASIC OPERATIONAL PROCEDURE
1. Using black conductive double-sided tape, mount your sample on a clean sample stub and
fasten the stub into the stub holder using the set screws.
a. In an effort to keep the stubs and stub holders clean, always handle with gloves.
Oils and other residue from your skin can contaminate the SEM interior.
2. Notice how the sample stub can be raised or lowered in relation to the stub holder using
the flat head screw driver from the underside. Raise or lower your stub until the top of
the sample is flush with the sidewalls of the stub holder.
a. Later the SEM will prompt the user to clarify which stub holder is being used.
Aligning the sidewalls of the stub holder and the top of the sample will allow you
to correlate the z-distance and the correct working distance.
b. If the top of the sample is not aligned with the stub holder or a custom stub holder
is being used then the z-distance and working distance WILL NOT be the same.
Thus, proceed with extreme caution.
3. Open the PC_SEM software on the SEM computer. Sign in as Guest (this requires no
password). This should bring up the whole SEM menu and electronic control panel.
4. Press the VENT button in the lower right corner of the PC_SEM program. Then press
OK on the pop-up menu to begin venting the chamber.
a. After pressing VENT, the exchange chamber will seal and nitrogen gas will be
introduced into the airlock until the internal pressure has equaled room
atmosphere.
b. Do NOT attempt to open until the pressure is equalized.
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5. Unlatch the chamber and carefully open the exchange chamber door. Slide your prepared
stub holder into the specimen exchange (following the direction indicated by the arrow
on the stub holder) until it locks into place. After securing the specimen holder into
place, close the airlock and latch the chamber door safety.
a. The locking mechanism is spring-loaded so slide it into place with care. The
spring is strong so improper use may result in launching the specimen holder.
6. Press the EVAC button in the lower right-hand corner of the PC_SEM program. Then
press OK on the pop-up menu to begin pumping down the chamber.
a. After pressing EVAC, the vacuum will start evacuating the airlock. The airlock
seal will drop once the vacuum in the airlock reaches a comparable level to the
vacuum in the chamber.
7. Open the Deben Chamberscope program on the desktop. This will open and start an
infrared camera inside the chamber of the SEM.
a. This will be the most reliable way to observe your sample as you are exchanging
it or changing the working distance.
8. Before proceeding further, check to see if the SPECIMEN EXCHANGE button is
illuminated in green. This button is located above the VENT and EVAC buttons. If it is
not illuminated in green then press it.
a. Pressing SPECIMEN EXCHANGE will cause the stage to return to the correct
level in order to safely put in or take out a stub holder.
9. Lower the specimen exchange arm to the horizontal position. Pull the grip toward you
and rotate the grip clockwise until it stops. Push the grip all the way in until it reaches
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the end of the metal pole it is fastened to. Pull the grip out. Rotate back. Release and
raise the pole again to the vertical position.
10. A window should pop up on the computer screen asking you to choose the stub holder
that was just inserted into the SEM stage. Choose the stub holder on the screen that
matches the one inserted. Assuming the working distance and z-distance is correlated,
specifying the stub holder will act as a safeguard and prevent your sample from driving
into the objective lens. To correlate the working distance and z-distance, measure the
height your sample protrudes above the stub holder and add that as an offset.
11. Raise your sample to the z-distance desired. This can be done in a couple different ways
– either use the specimen stage control panel, the JEOL stage control pad, or this can be
done by clicking on the z-coordinate on the right side of the screen and typing in the
height.
a. It is recommended for beginners to stay around 10 mm WD.
12. After the vacuum has pumped down to around 5𝑥10−4 , it is safe to turn on the electron
beam. To start imaging, Press ON under Observation at the top right corner of the
window. This will remove the beam block from the electron beam.
a. To change the acceleration voltage, either type in a number under Accel. Voltage
or choose a voltage from the drop down. The default is in kV. Lower acceleration
voltages typically work better with insulators while higher acceleration voltages
can be used with metals and other conductors to achieve more signal.
b. Unless otherwise specified, choose a voltage in between 1-5 kV. Anything higher
could be damaging to your sample and cause unnecessary strain on the
instrument.
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13. Reduce magnification to 50x and press the ACB (Auto Contrast & Brightness) button on
the SEM control panel. Now you are finally ready to roughly focus and explore your
sample. The stage can be moved by punching in coordinates, moving the SEM track pad,
clicking and dragging the screen, or using the specimen stage control panel.
a. Reducing the magnification will allow you to view a large section of your sample
and the ACB button will automatically set the contrast and brightness to fit your
sample.
b. If ACB does not work for your sample, this will have to be done manually.
14. When you are done imaging, press OFF on the Observation tab to insert a beam-block in
the upper column.
15. Press SPECIMEN EXCHANGE to automatically move your sample down to the correct
exchange position.
16. After the SPECIMEN EXCHANGE button is illuminated with green, then you may
repeat step 9 but this time, you will remove the stub from the interior.
17. Once the stub and sample are securely in the airlock, press VENT.
a. This will equilibrate the pressure inside the airlock with room atmosphere by
pumping in nitrogen.
18. Once complete, you may remove your sample.
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APPENDIX D:
GLASS MICROPARTICLE SINTERING TEST ON SILICON SUBSTRATE
PROCEDURE
Materials
•

Soda Lime Glass Beads (210-250 µm) (Polysciences Inc.)

•

Soda Lime Glass Beads (30-50 µm) (Polysciences Inc.)

•

Soda Lime Glass Beads (3-10 µm) (Polysciences Inc.)

•

Cut Ultra-Flat Silicon Wafer (Electron Microscopy Sciences)

•

Retractable Diamond Scriber (Electron Microscopy Sciences)

•

Evenheat Set-Pro Kiln

•

Plasma Cleaner

Cutting and Cleaning Silicon Substrates
1. Using the diamond scriber, cut 3 small silicon square wafers to use as the substrates.
These wafers should be roughly ½ by ½ centimeters in size.
2. After the wafers are cut, wipe the top of the wafers with a clean toluene doused Kimwipe
to remove any large particulates on the flat surface.
a. If you choose to be particularly pedantic, you may heat the wafers on the custom
steel vacuum chuck found in the lab and Snow-Jet them. Although this method
will remove nanoscopic particulates, the objects of interest are several microns –
hundreds of microns in size so the removal of the nanoscopic particulates may be
unnecessary.
3. The silicon wafer will come out of the box hydrophobic. Although a native silicon
surface is naturally covered in hydroxyl groups which are very hydrophilic, they are very
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reactive and random hydrophobic carbon groups will bond to them as they sit out in room
atmosphere. In order to make it hydrophilic, it must be plasma cleaned for a minimum of
5 minutes inside an atmosphere of 200 millitorr. The plasma cleaning process will
remove the molecular impurities and organics from the silicon surface and reveal the thin
native hydroxyl layer.
a. It is often desirable to have a hydrophilic surface when depositing glass beads
from an aqueous solution. This will allow the aqueous colloid of glass beads to
wet the surface and form a pseudo-monolayer opposed to just forming a pile of
beads which can be seen on hydrophobic surfaces. It is easier to study the
individual beads opposed to piles of them.
Glass Particle Deposition on Substrates
1. Fill three clean vials with 5 mL Millipore water. In the first vial, pour roughly 100 mg or
the 210-250 µm glass beads and label it. In the second vial, pour roughly 100 mg or the
30-50 µm glass beads and label it. In the third, pour roughly 10 mg or the 3-10 µm glass
beads and label it.
a. The amounts do not have to be very precise since most of the glass beads are so
large, they will simply just fall to the bottom of the vial once added.
2. Using a microliter pipette, withdraw 2 microliters of each solution individually and place
them onto their own clean silicon substrates and allow to dry.
a. If cleaned properly, the water should wet the whole surface once deposited.
b. The 210-250 beads may be difficult to withdraw into the pipette tip so it may take
a few tries.
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3. After the glass beads have dried to the substrate, they should be immobilized enough to
transfer them onto an aluminum oxide boat and placed in the oven.
Glass Bead Sintering
1. Once the boat is in the oven, close and lock the door and flip the power switch to ON.
2. Input the following commands into the oven when prompted…
a. Custom Programming mode
b. User 3
c. Seg = 1
1

d. Ramp = (2 final temp.)

*Calculate it yourself and enter it in

e. Final Temp = …
f. Hold = 1 hour
g. Ready = OK
3. This mode will heat your sample to the final temperature that you choose over the course
of 2 hours. The final temperature will be held for 1 hour before the oven starts its cooling
cycle. Depending on the temperature, the oven may take several more hours to cool to
room temp.
4. After the oven gets done firing, it will be okay to remove the sample when it drops below
600 ˚C. Removing too soon may result in stress fractures in the glass and damaging the
coils as the cold air hits the hot surfaces.
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APPENDIX E:
GLASSWARE CLEANING PROCEDURE
1. Put clean gloves on.
a. Make sure you familiarize yourself with the SDS for the type of gloves you are
using (most likely nitrile).
2. Turn on the Fisher Scientific 100L Gravity Oven (Glassware Oven) and the Branson
Sonicator 3800.
i. Do this prior to cleaning. These will take some time to heat up.
ii. The oven should be automatically set to 110.0 ˚C. If it is not, change it to
this temperature before putting glassware in the oven unless instructed
otherwise. Oven temperatures over 1100 ˚C have also been found to melt
certain plastics used with glassware such as the plastic seal on Kimax
bottles which are only rated to 140 C.
iii. The sonicator should be set to 50 ˚C. To start the heating process, press
the HEAT button on the control panel on the top of the device.
3. “Rough Clean” the glassware with 1% Alconox soap solution (37.8 g/Gallon) (kept in
H1) and tap water.
a. This cleaning should be done by first rinsing the glassware sufficiently with tap
water (3 times inside, 3 times outside).
b. Next dampen the sponge with the 1% Alconox solution
i. The sponge is located behind the sink in a bag if dry or next to the faucet
if damp.
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c. Scrub the recently rinsed glassware inside and out. There should be no visible
stains or signs of contaminants once done. If the glassware is too narrow for the
sponge to comfortably fit inside, use a tube brush hanging on the carabiners above
the sink.
i. When using the tube brush, put a small amount of Alconox solution into
the glassware followed by some water. Scrub well.
d. After a course scrubbing, rinse the glassware again with tap water. Once rinsed,
there should be visible signs of soap remnants or contaminants.
4. Sonicate the roughly cleaned glassware.
a. Place each piece of glassware into the sonicator until it is full.
b. Once the sonicator is full, place the lid firmly on the top and start the sonification
process by pressing the SONIC button. The sonicator will then run for 20
minutes.
i. Make sure the glassware is completely soap-free before being placed in
the sonicator.
ii. The SONIC button is located the second button from the left on the top
panel.
iii. When putting glassware in the sonicator, there should be no bubbles
trapped inside the glassware. The sonicator sends ultrasonic sound
frequencies through the water agitating any particles the water comes in
contact with. If there are air pockets, the ultrasonic frequencies won’t
reach that part of the glass allowing it to remain unclean.
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iv.

Keep sonicator water filled to the “operating level” which is signified by
a line inside the sonicator. If the water level does drop significantly, then
simply pour some more clean tap water into the sonicator using a beaker.

5. Once the timer on the sonicator expires, remove the glassware and rinse thoroughly with
tap water making sure all the soap/bubbles are removed.
i. (rinse at least 3-5 times inside and out)
6. Then, rinse the glassware with Ultrapure (Type 1) Water from the Millipore Direct-Q
3UV system (located right next to the sink).
a. Hold the glassware below the water dispenser and fill it only a few mL of
deionized water.
i. The blue button on the top will dispense the water. Hold it down and
release to dispense a controlled amount of water or tap it for it to stay on.
ii. Use the water sparingly as the Millipore Direct-Q can only produce three
liters of deionized water an hour. The water level is indicated on the
screen near the top of the device. If it is out of water or low, do not use,
this will damage the instrument.
b. Rotate the glassware horizontally allowing the deionized water to wash over the
complete interior of the glassware.
i. Pour out the water and repeat this 3-5 times.
c. Rinse the outside as well. Again, rotate the glassware allowing the deionized
water to rinse the complete exterior of the glassware.
i. Repeat this 3-5 times
7. Place the glassware in the oven and leave until dry.
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i. Before putting the glassware in the oven, make sure you let the excess
water on the glassware drain into the collector below the Millipore DirectQ water dispenser. This will expedite the drying process and minimize the
probability of watermarks being left on the glassware. Water attracts
contaminants.
8. Remove the glassware from the oven and walk it to the Air Science Laminar Flow
Cabinet to be prepped for chemical cleaning.
i. Use heat-resistant gloves. The glassware will be hot.
ii. Hold the glassware upside down when transporting so it does not
accumulate dust particles.
iii. Be careful not to touch the inside of the glassware or risk contamination of
the recently cleaned glassware.
iv. Inspect the glassware for visible water marks or contaminants. If water
marks/contaminants are found on the interior of the glassware, restart the
cleaning procedure.
9. Chemically clean the glassware.
a. In the fume-hood, there are four containers labeled: acetone, ethanol, toluene, and
chloroform. Starting with acetone, and after the glass has come to room
temperature, fill the glassware with no more than a couple mL (quantities may
vary depending on the size of the container).
b. Rotate the glassware allowing the acetone to cover the complete interior of the
glassware.
c. Pour the acetone into the correct chemical waste container.
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i. Use a funnel when pouring into waste containers
ii. Acetone, ethanol, and toluene are all non-halogenated organics.
Chloroform is a halogenated organic (hence chloro).
d. Spray the glassware with compressed room atmosphere air until dry.
i. If you want to be extra clean use the compressed nitrogen. If the nitrogen
is off, rotate the valve on the top of the tank allowing nitrogen to flow into
the regulator. Turn the regulator on to 40 psi.
e. Repeat steps a-d for ethanol, toluene, and chloroform respectively.
i. Some of these chemicals are non-miscible so it may be necessary to
completely dry the glassware before moving onto the next chemical.
10. Place the glassware in the laminar flow cabinet and cover with aluminum foil if not used
immediately.
i. When the fan is on, this cabinet will keep dust from collecting inside your
containers.
11. Clean your workspace.
a. Dry off all the countertops.
i. This includes the top of the sonicator, the oven, and the Direct-Q.
b. Dispose of all used paper towels.
c. Let paper towels used to clean up chemicals vent in the fume-hood before
throwing in the lab trash. Any broken glass goes in the broken glass container,
any sharps goes in the sharps container, and materials that are trash and have
nanoparticles on them go in the nanoparticle waste container.
d. Refill soap containers if needed. Alconox solution is located below the sink.
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APPENDIX F:
MODIFIED STӦBER SYNTHESIS OF SILICA NANOSPHERES USING L-LYSINE
1. Prepare deionized water (139 g) in a 250 mL Kimax screw-top bottle.44
a. Measure out the water using a 50 mL graduated cylinder (3x).
2. Dissolve L-lysine (0.146 g, 1 mmol) into the solution while mixing at a slow rate. The
pH of this solution should be 9.2.44
a. Measure out the lysine on the Ohaus Pioneer PA224C scale on a light weight
static-free weigh-boat.
b. The lysine is hydroscopic so it should be measured out in low humidity.
3. Add 10.4 mL octane (7.3 g) to the water-lysine mixture and heat this solution44 to a
uniform initial temperature of 80 ˚C by submerging it in an Ace Glass oil bath (1200
mL).45
a. Once sufficient mineral oil is in the bath, set the temperature microcontroller’s Set
Point 1 = 100 ˚C. Do not turn on microcontroller without the thermometer and a
media in the bath.
i. Since the Ace Glass oil bath apparatus measures the temperature at the
side walls of the cylindrical glassware, the full beaker in the middle will
offset the calibration. To compensate for this, set the SP1 to 100 ˚C.
b. Starting from room temperature, the water-lysine and octane solution should take
around 30 minutes to reach 80 ˚C.
c. The octane will act as an insulator for the water, which does two things: stops
condensation and raises the temperature. If the octane layer evaporates off, the
water will start condensing which will in turn provide evaporative cooling.
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4. Start stirring the solution at 400 rpm (2 ½ setting Thermic Stir model 120m)* with a 2 ½
cm Teflon stirring rod.
a. Based on the contour of our container, 400rpm is the fastest safe stirring rate
possible.
b. It is important that the stir-rate isn’t raised high enough such that the top layer of
octane (soon to be added) is disturbed.45,46
c. *The 2 ½ setting is measured to be roughly equivalent to 400 rpm. The
measurement was based on the depth of the vortex.
5. Once the solution has reached the uniform desired temperature, slowly inject (or drip if
the beaker is wide and the top octane phase is thin) the TEOS (10.41 g, 50 mmol) to the
octane phase and let it stir for 12 minutes.
a. The octane will act as a hydrophobic supporting reaction component for the
TEOS and it will let the TEOS slowly and controllably diffuse into the water. It
also prevents evaporation of the water.
6. After the 12 minutes have expired, quench the temperature of the mixture by removing it
from the 80 ˚C bath and placing it into 12 ˚C water jacket very carefully, not cracking the
water jacket (do not drop the hot kimax bottle into the water jacket).45
a. There should be about 2 cm of water in the cold-water jacket. Make sure the
beaker containing the solution doesn’t float (clamp it).
b. The solution will take around 45 minutes to reach 13 ˚C (Which is good enough.
Depending on environmental factors, the temperature will stabilize somewhere
around here (possibly dip down to 12 ˚C).
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c. As shown in Fouilloux et al, monodispersity amongst the nanoparticles can be
increased by creating a sharp supersaturation peak.38 A high maximum
supersaturation value increases the silica nanoparticle nuclei formed. Quenching
the temperature of the solution in the beaker during the reaction is an effective
way to increase nucleation of the nanoparticles.
7. Keep this mixture stirring at a constant rate for 24 hours.
a. It may or may not be beneficial to keep going for a total of 72 hours. Most papers
recorded stopping at 24 but a few found success going longer.45
8. After the 24-hour period, remove the solution from the water bath and centrifuge it to
condense the nanoparticles down to bottom of the vial. Once the nanoparticles are at the
bottom, clean them with water to make sure the reaction has stopped.
9. Evaporate the solution in an oven at 373 K. A white powder should be obtained.44
10. Once evaporated, heat the obtained Silica in the oven at 873 K to remove the organic
molecules through calcination.44
a. Before putting the Silica powder in the oven, make sure it is completely dry. If
there is any residual water in between the nanospheres, they will explode.
b. It should be noted that once the silica nanoparticles are dried out, it will take a
great deal of energy to redisperse them in a solvent. It may not even be possible in
some cases.
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APPENDIX G:
FIJI SEM PARTICLE ANALYSIS FOR LOW CONTRAST IMAGES
1. Open the desired image in FIJI software. FIJI Download: https://imagej.net/Fiji

2. Before going further, the pixels in the image on the screen must be set to a known length
if real values are desired for particle sizes. The easiest way is to follow the steps below
and measure the scale bar tacked onto the SEM image and correlate that distance into
pixels.
a. Select the line tool in the Fiji window.
b. Zoom into the image onto the scale
bar. Trace over the scale bar to your
best approximation (make sure the line
is as straight as possible or you will
cause error in your calibration) .
c. In the FIJI client, click Set Scale under the Analyze tab.
d. Change the “Known Distance” to the length of your scale bar.
e. Change the “Unit of Length” to the correct units of your scale bar. Once Satisfied,
Click OK. Zoom back out to normal.
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3. Convert Image to Binary.
a. Many functions on FIJI require a
binary image.
b. Although FIJI is equipped with
many tools to convert different
styles of pictures to binary, the
easiest ways are…
i. Process>Binary>Make Binary
ii. Process>Binary>Convert to Mask
c. These two functions are fully automated and no manual thresholding is required.
d. If these functions do not work for your specific image, manual thresholding might
be required.
e. Once converted to binary, the particles being analyzed must be white and the
background must be black. If this is not the case, then click Invert under the Edit
tab.
4. Remove Unwanted Grains
a. If your image is grainy, it will disrupt the watershed process you will be using
next.
b. To remove unwanted grains use the Despeckle function.
i. Process>Noise>Despeckle
ii. This is an automated function and requires no user input.
iii. If the image remains grainy, repeat the function until satisfied.
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c. Be careful not to alter the data when using corrective functions.

5. Disassociate individual Particles
a. In order to create a mask of individual particles, all the particles must be separated
by black space.
b. This process is best done through Watershedding.
i. Process>Binary>Watershed
c. Watershedding locates circular particles and divides them from other touching
circular particles with a thin black line.
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6. Remove Watershedding Artifacts.
a. Most Watershedding Artifacts can be removed by simply using the drawing tools
for correction.
b. If you can see any particle/group that the watershed function blatantly
misinterpreted, you can exclude them from your mask by connecting them with
white.
c. An example of this is shown circled in yellow.
d. In the Particle Analysis step of this procedure, small, large, and noncircular data
biasing artifacts can be filtered out of the final mask.
e. The artifacts from a legend or scale bar can also be carefully removed with the
white or black drawing tool.
f. This is NOT a way to “fix” or change undesirable data. This is simply a way to
remove artifacts caused by the imaging and masking process.

7. Particle Analysis
a. Click on Analyze Particles under the Analyze tab.
b. The two main filtering parameters are size and circularity.
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c. There may be tiny grains or poorly watershedded areas left over that would add a
significant bias to your results.
d. These particles can be filtered out by restricting the lower/upper bounds for the
size or increasing the demand of circularity of the particles (if you are certain they
are circular).
e. Make Sure Display Results, Clear Results, and Exclude on Edges boxes are
checked.
f. The final mask can be shown in a variety of ways including an outline or an
overlay.

8. Save Results and Import them Into Excel
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9. AVG and STDEV
a. Import into excel.
b. Create a new column for radius and a column for diameter.
c. Radius = Sqrt(Area/Pi)
d. Diameter = Radius*2
e. Use AVERAGE() and STDEV.P() to find the avg and stdev of the selected cell.
(You will generally be concerned with the radius or diameter)
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APPENDIX H:
STӦBER SEED PARTICLE SYNTHESIS USING L-ARGININE
Note: All glassware in this synthesis must be cleaned using the standard operating procedure in
Appendix E. Also prior to the synthesis, make a 100 mM stock solution of L-Arginine in
Millipore water.
1. Using a microliter pipette with clean disposable tips, add 1.035 mL of 100 mM LArginine stock solution, 5.865 mL Millipore water, 0.45 mL cyclohexane, and a 10 x 3
mm magnetic stir-bar into a 24 mL glass vial.
2. Loosely cap the glass vial and place onto the center of a Thermo-Scientific stirring
hotplate and heat to 60 ˚C while stirring at 1000 rpm.
a. If you are using Hotplate 1, Hotplate 2, or Hotplate 3 in the McBride lab, then the
calibrated hotplate setpoints are 95 ˚C, 114 ˚C, and 95 ˚C respectively.
b. These calibrations were done inside the Captair portable fume hood with the vent
ON and the front sash CLOSED. Running this experiment in a different
environment will change the calibrations.
c. If you are not using those marked hotplates, then you must do a temperature
calibration and to find where the solution becomes stable at 60 ˚C.
3. After 30 minutes of pre-heating, uncap the vial and inject 0.550 mL TEOS. After
finishing the TEOS injection, recap and place back on heat.
a. Do your best to inject it right into the cyclohexane phase and not get too much on
the sidewalls.
b. Do this fast or else the cyclohexane phase will evaporate.
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4. Let this synthesis run on heat and stirring for 24 hours to make sure the reaction has come
to completion.
5. After 24 hours, take the vial off heat and let cool.
6. Syphon off the remaining cyclohexane phase with a clean glass pipette.
a. Do your best to remove the phase in its entirety but whatever residual that cannot
be syphoned will evaporate in a short time.
7. Place on the shelf and store as-is.
a. This solution should maintain its integrity for at least a week. If these particles are
synthesized to get regrown, then it is advised they are used the same week as they
are made.
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APPENDIX I:
SILICON WAFER CLEANING STANDARD OPERATING PROCEDURE
Recommended Materials and Equipment
•

Ultra-Flat Silicon Wafer - Electron Microscopy Sciences (Lot #180711) (Cat. #71993-01)

•

Retractable Diamond Scriber - Electron Microscopy Sciences ((Lot #170329) (Cat. #70036)

•

Kimwipes EX-L – Kimberly-Clark Professional

•

Any hotplate that goes up to 300 ˚C

•

ACS grade toluene (Lot #170379)

•

Plasma Cleaner – Harrick Plasma

Procedure
1. Start this procedure by breaking off a small piece of a silicon wafer using a diamond
tipped scriber.
a. This is best done on a Kimwipe to keep everything clean and to keep all the
shards together.
b. If this is being done for the sake of imaging nanoparticles, the wafer being used
does not need to be larger than 5 mm x 5 mm.
c. To break off a piece of the larger wafer, simple press the scriber on the edge of a
larger piece and it will cleave in a straight line to the other side. If you are
unaware of how to do this then either Google it or ask another lab-mate.
2. Using a new Kimwipe dampened with toluene, wipe off shiny face of the silicon wafer to
remove any dried contaminates on the surface.
a. This preliminary cleaning step should be suitable for most applications.
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b. If the particular application requires a more rigorous cleaning, then the silicon
wafer can be sonicated in various solvents.
c. For sonication, fill separate vials cleaned with the glassware procedure in
Appendix E with a couple milliliters of water, acetone, ethanol, toluene, and
chloroform. In the order that is listed, sonicate the wafer in each vial for 10
minutes by holding the loosely capped vial above the sonicate such that the
meniscus is still submerged in the sonicator.
3. Next is the process called “Snow-Jetting.”
a. During this process, a stream of carbon dioxide is shot from a hose at the sample
in attempts to blast away macroscale particulates.
b. This is done by placing the silicon wafer onto the steel vacuum chuck machined
in the laboratory.
c. The steel vacuum chuck is to sit on top of a hot plate and clamped in such a way
that it is resting with its bottom surface flat against the hotplate and will not move.
d. Turn the hotplate on to 300 ˚C and let heat for 10 minutes.
e. Attach a vacuum line to the end of the vacuum chuck and support it using ring
stands so it does not apply stress on the joints.
f. After everything is set-up and the steel vacuum chuck has been allowed to come
to temperature, turn on the vacuum to fasten your wafer to the steel.
g. Using the snow-jet apparatus, carefully blast the complete surface (shiny side) of
the silicon wafer with carbon dioxide. Go over it several times to make sure the
whole surface has been cleaned.
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i. If you need help using the snow-jet device, ask an experienced lab-mate
for training.
4. After snow-jetting, it’s time for plasma cleaning.
a. Put the wafer in a clean container and transport it over to the plasma cleaner.
b. Remove the wafer from the container and put it on a glass slide and insert it into
the plasma cleaner’s chamber. Close the door and turn on the vacuum.
c. Once the vacuum draws down to 200 millitorr, turn on the plasma to HIGH and
hold it at this pressure for 5 minutes.
d. Changing the pressure inside the chamber will change the strength of the plasma.
e. The plasma’s role in the cleaning is to remove all bonded organics and
hydrocarbons from the silicon wafer to reveal the very hydrophilic hydroxyl
surface.
f. After 5 minutes, turn off the plasma and the vacuum and open vents to equilibrate
with atmospheric pressure.
5. Take the sample out of the plasma chamber and transport back to the lab for use.
a. If hydrophilic surface is desired, use fast because carbons in the atmosphere will
bond fast.
b. Noticeable changes in hydrophobicity of the substrate can be observed in just a
few hours after cleaning.
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APPENDIX J:
PARTICLE ANALYSIS OF AFM FILES USING GWYDDION
This method will allow you to…
•

Find average peak height of the particles in your sample.

•

Find the Standard Deviation of the peak heights of the particles in the sample.

•

This method should only be used for samples of mostly disconnected particles.

Procedure
1. Start by opening the desired image to be analyzed in the Gwyddion software.

2. Thresholding Image by Height.
a. Once the image is open, click Data Process>Grains>Mark by Threshold… in
the drop down menu at the top of the Gwyddion client.
b. Adjust the Threshold by Height percentage until all the sample is masked (or at
least most of it). For best results, tune the threshold % just slightly above the
height of the substrate background.
c. When satisfied, press OK.
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3. Remove Data Biasing Particles (Edge Touching).
a. Particles cut off by the edge of an image or particles in groups may incorrectly
bias the results. The maximum value might have been clipped from the image
causing edge-particles to slightly lower the average of the distribution.
b. Remove particles cut off by the edge of the image by Data
Process>Grains>Remove Edge-Touching (This function will work
automatically. No need for user input)
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4. Remove Data Biasing Particles (Groups)
a. It may be tempting to allow groups to remain in the data set but unfortunately, it
may be unclear if all the particles in the group are sitting on the substrate or if
some have bonded to the tops/sides of other particles in the group during the
particle deposition process (assuming solvent evaporation).
b. To remove groups of particles from the mask, open Data
Process>Grains>Filter… In the filter window, make sure Condition A is set to
Pixel Area. Adjusting the upper and lower threshold of the Pixel Area allows
you to exclude or include different sized groups in your mask.
c. When satisfied, press OK.

5. Get Peak Height Data Points
a. Open Data Process>Grains>Correlate…
b. In the Grain Correlations window, click Values under the Abscissa column then
select Maximum Value. This will change the x-axis of the graph to the zmaximum for each particle.
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c. The y-axis does not matter as long as the x-axis has the z-max data. For
simplicity, I just plotted against z-rms values.
d. When satisfied, press OK and a window with the graph and data will pop up.

6. Save Max Height Data as CSV
a. In the Gwyddion client, click Export Text under the Graph drop down menu.
b. The Export Text menu will pop up. For simplicity, just save the metadata and
labels as a CSV.
c. Press OK and save the data in a folder on your computer. Make sure the file type
is still CSV.
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7. Import to Excel and find the Average & Standard dev
a. Open Excel
b. Under the Data Tab, click Get Data and choose the correct data type (probably
CSV).
c. Import the data to Excel (or Query if it’s a new version). Double check and make
sure Excel is reading in the data as decimal and not text.
d. Once the data is imported, simply highlight the z-max data and apply the
AVERAGE and STDEV.P functions to the data set.
e. This will give the average maximum height and the standard deviation of the
maximum height of the particles in the mask.
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